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7.1  INTRODUCTION 


Your  study  of  flying  qualities  to  date  has  been  concerned  with  the 
stability  of  the  airplane  flying  in  equilibrium  on  symmetrical  flight  paths. 
More  specifically,  you  have  been  concerned  with  the  problem  of  providing 
control  over  the  airplane's  angle  of  attack  and  thereby  its  lift  coefficient, 
and  with  ensuring  static  stability  of  this  angle  of  attack. 

This  course  considers  the  characteristics  of  the  airplane  when  its  flight 
path  no  longer  lies  in  the  plane  of  symmetry.  This  means  that  the  relative 
wind  will  make  some  angle  to  the  aircraft  centerline  which  we  define  as  g. 
The  motions  which  result  from  g  being  applied  to  the  airplane  are  motion 
along  the  y-axis  and  motion  about  the  x  and  z  axes.  These  motions  can  be 
described  by  the  following  equations  of  aircraft  lateral-directional  motion 
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vrtiere  the  right  side  of  the  equation  represents  the  response  of  an  aircraft  to 
the  applied  forces  and  moments  on  the  left  side.  These  applied  forces  and 
moments  are  conposed  primarily  of  contributions  from  aerodynamic  forces  and 
moments,  direct  thrust,  gravity,  and  gyroscopic  moments.  Since-  the 
aerodynamic  forces  and  the  moments  are  by  far  the  most  inportant,  we  shall 
consider  the  other  contributions  as  negligible  or  as  having  been  eliminated 
through  proper  design. 

It  has  been  shown  in  Equations  of  Motion  that  v±>en  operating  lander  a 
small  disturbance  assunption,  aircraft  lateral-directional  motion  can  be 
considered  independent  of  longitudinal  motion  and  can  be  considered  as  a 
function  of  the  following  variables 

(Y,  L,  N)  =  f  (g,  g,  p,  r,  6^,  )  (7.4) 
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The  ensuing  analysis  is  concerned  with  the  question  of  lateral- 
directional  static  stability  or  the  initial  tendency  of  an  airplane  to  return 
to  stabilized  flight  after  being  perturbed  in  sideslip  or  roll.  This  will  be 
aetennined  by  the  values  of  the  yawing  and  rolling  moments  (N  and  L).  since 
the  side  force  e<Tjation  governs  only  the  aircraft  translatory  response  and  ha's 

no  effect  on  the  angular  motion,  the  side  force  equation  will  not  be 
considered. 

The  two  remaining  aerod^-namic  functions  can  be  expressed  in  terms  o^ 
non-dimensional  stability  derivatives,  angular  rates  and  angular  displacements' 
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The  analysis  of  aircraft  lateral-directional  motion  is  based  on  these  two 
equations.  A  cursory  examination  of  these  two  equations  reveals  that  they  are 
cross-coupled."  That  is,  and  are  found  in  Equation  7.5,  vrdle  C 

P  6  I 

and  C,^  .are  present  in  the  lateral  Equation  7.6.  it  is  for  this  reason 

that  aircraft  lateral  a.nd  directional  motions  nrust  be  considered  together  - 
each  one  “influences  t-he  other. 


“  -  2  T^KINOLOGY 

Since  considerable  confusion  can  arise  if  the  terms  sideslip  and  yaw  are 
misunderstood,  we  shall  define  their,  before  proceeding  further. 

Sideslip  is  defined  as  the  angle  the  relative  wind  makes  with  the 
.vZ  plane  of  the  aircraft,  rrom  Figure  7.1,  we  see  that  the  angle  of 
sideslip,  e,  is  equal  to  the  arcsin  {v/V) ,  or  for  the  small  angles  normally 
encountered  in  flight,  3  =  v/y.  By  definition,  3  is  positive  when  the 

relative  wind  is  to  the  right  of  the  geometric  longitudinal  axis  of  the 
airplane  (i.e.,  when  wind  is  in  the  right  ear). 
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Yaw  angle,  4/,  is  defined  as  the  angular  displacement  of  the  airplane's 
longitudinal  axis  in  the  horizontal  plane  from  some  arbitrary  direction  taken 
as  zero  at  some  instant  in  time  (Figure  7.1).  Note  that  for  a  curved  flight 
path,  yaw  angle  does  not  equal  sideslip  angle.  For  example,  in  a  360®  turn, 
the  airplane  yaws  through  360°,  but  may  not  develop  any  sideslip  during  the 
maneuver,  if  the  turn  is  perfectly  coordinated. 
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=  VELOCITY  OF  THE  AIRPLANE  TANGENTIAL 
TO  THE  FLIGHT  PATH  at  ANY  TIME 
=  COMPONENT  OF  V  ALONG  THE  Y  AXIS  OF 
THE  AIRPLANE 


FIGLTE  7.1.  YAW  AI'ID  SIDESLIP  AI'JGLS 


Kith  these  definitions  of  yaw  and  sideslip  in  mind,  each  of  the  stability 
derivatives  ccaaprising  Equations  7.5  and  7.6  may  be  analyzed. 
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7.3  DIRECT! CKftL  STABILITY 


In  general,  it  is  advantageous  to  fly  an  airplane  at  zero  sideslip,  and 
the  easier  it  is  for  a  pilot  to  do  this,  the  better  he  will  like  the  flying 
qualities  of  his  airplane.  The  problem  of  directional  stability  and  control, 
then,  is  first  to  ensure  that  the  airplane  will  tend  to  remain  in  equilibrium 
at  zeror  sideslip,  and  second  to  prc'/ide  a  control  to  maintain  zero  sideslip 
during  maneuvers  that  introduce  moments  tending  to  produce  sideslip.  The 
stability  derivatives  which  contribute  to  static  directional  stability  are 
those  conprising  Equation  7.5.  A  summary  of  these  derivatives  is  sho’^Ti  in 
Table  7.1. 


TABLE  7.1 

DIRECTIOiLAL  STABILITY  AND 
CONTROL  DERIVATIVES 
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Lateral  Control 

c 

n 

6 
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Rudder  Power 

(  +  ) 

Rudder  Control 
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7.3.1  C  Static  Directional  Stability  or  Weathercock  Stability 
"e 

Static  directional  stability  is  defined  as  the  initial  tendency  of  an 

aircraft  to  return  to,  or  depart  from,  its  equilibrixjm  angle  of  sideslip 

(normally  zero)  when  disturbed.  Although  the  static  directional  stability  of 

an  aircraft  is  fully  described  by  Equation  7.5,  is  often  referred  to  as 

e 

"static  directional  stability"  because  it  is  the  predominant  term. 

When  an  aircraft  is  placed  in  a  sideslip,  aerodynamic  forces  develop 
which  create  moments  about  all  three  axes.  The  moments  created  about  the 
2-axis  tend  to  turn  the  nose  of  the  aircraft  into  or  away  from  the  relative 
wind.  The  aircraft  has  positive  directional  stability  if  the  moments  created 
by  a  sideslip  angle  tend  to  align  the  nose  of  the  aircraft  with  the  relative 
wind. 
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In  Figure  7.2  the  aircraft  is  in  a  right  sideslip.  It  is  statically 
stable  if  it  develops  yawing  moments  that  tend  to  align  it  with  the  relative 
wind,  or  in  t.his  case,  right  (positive)  yawing  moments.  Therefore,  an 
aircraft  is  statically  directionally  stable  if  it  develops  positive  yawing 
moments  with  a  positive  increase  in  sideslip.  Thus,  the  slope  of  a  plot  of 
yawing  moment  coefficient,  ,  versus  sideslip,  3,  is  a  quantitative  measure 
of  the  static  directional  stability  that  an  aircraft  p)cssesses.  This  plot 
would  normally  be  determined  from  wind  tunnel  results. 


The  total  value  of  the  directional  stability  derivative,  C  ,  at  any 

sideslip  angle,  is  determined  primarily  by  contributions  from  the  vertical 
tail,  the  fuselage,  and  the  wing.  These  contributions  will  be  discussed 
separately. 

7. 3. 1.1  Vertical  Tail  Contribution  to  C  .  The  vertical  tail  is  the  primary 

source  of  directional  stability  for  virtually  all  aircraft.  When  the  aircraft 
is  yawed,  t.he  angle  of  attack  of  the  vertical  tail  is  changed.  This  change  of 
angle  of  attack  produces  a  change  in  lift  on  the  vertical  tail,  and  t.hus  a 
yawing  moment  about  the  Z-axis. 
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F  =  fin 

FIGURE  7.3.  VERTICAL  TAIL  CONTRIBUTION  TO  C 
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Referring  to  Figure  7.3,  the  yawing  moment  produced  by  the  tail  is 


N_ 


=  (-1,)  (-L,) 


=  Ip  Lr 


(7.7) 


The  minus  signs  in  this  equation  arise  from  the  use  of  the  sign 
convention  adopted  in  the  study  of  aircraft  equations  of  motion.  Forces  to 
the  left  and  distances  behind  the  aircraft  eg  are  negative. 

As  in  other  aerodynamic  considerations,  it  is  convenient  to  consider 
yawing  moments  in  coefficient  form  so  that  static  directional  stability  can  be 
evaluated  independent  of  weight,  altitude  and  speed.  Putting  Equation  7.7  in 
coefficient  form 

,  1C  a  S 

1  L  P  L  ^P  F 

C  =  ^  _-r  = - =-4 -  [vdiere  q  =  1/2  pV^  and  w  =  wing]  (7.8) 
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Vertical  tail  volume  ratio,  ,  is  defined  as 
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(-)  for  tail  to  (7.9) 

the  rear  aircraft 


(+)(+) 

(+)(+) 


(+)  for  tail  to  the  front 
aircraft 


Making  this  substitution  into  Equation  7.8 


C  q  V 

L  ^F  V 


(7.10) 


For  a  propeller-driven  aircraft,  q^  may  be  less  thein  or  greater  than  qj, . 
However,  for  a  jet  aircraft,  these  two  quantities  are  normally  equal.  Thus, 
for  a  jet  aircraft,  q^/%  =  1  and  Equation  7.10  becomes 


The  lift  curve  for  a  vertical  tail  is  presented  in  Figure  7.4. 


(7.11) 


7.8 


JHZ  7.4.  LIFT  CU?,\^  FOR  VERTICAL  TAII 


The  negative  slope  is  a  result  cf  the  sign  co.nvention  used  (Figure  7.3).  T4hen 
the  relative  wind  is  displaced  to  the  right  of  the  fuselage  reference  line, 
the  vertical  tail  is  placed  at  a  positive  a.ngie  of  attack.  However,  this 
results  in  a  lift  force  to  the  left,  or  a  negative  lift.  Thus,  the  sign  cf 
the  lift  curve  slope  of  a  vertical  tail,  a^ ,  will  always  be  negative  below 
die  SL.aj.1.  Substituting  =  a^.  oc  into  Equation  7.11  yields 


The  angle  of  attack  cf  the  vertic; 
vertical  tail  were  placed  alone  in  an  a 
However,  when  the  tail  is  installed  on 


al  tail,  oy ,  is  not  merely  g.  if  the 
j.r stream,  then  would  be  eoual  to  g. 
an  aircraft,  changes  in  bot-h  macnitude 


and  direction  of  t.he  local  flow  at 
caused  by  a  propeller  slipstream. 


trie  tail  take  place.  These  changes  may  be 
or  by  the  wing  and  the  fuselage  when  the 


airplane  is  yawed.  The  angular  deflection  is  allowed  for  by  introducing  the 
sidewash  angle,  a,  a.nalogous  to  the  downwash  angle,  e.  The  value  of  a  is  very 
difficult  uo  predict,  therefore  suitable  wind  tunnel  tests  are  required.  The 
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sign  of  a  is  defined  as  positive  if  it  causes  to  be  less  than  0,  vrtiich  is 
normally  the  case  since  the  fuselage  tries  to  straighten  the  air  which  causes 
o(p  to  be  less  than  0.  Thus, 

a  =  0  -  cxp  (7.13) 

Substituting  from  Equation  7.13  into  Equation  7.12 

=  a^  (0  -  a)  (7.14) 

F 

The  contribution  of  the  vertical  tail  to  directional  stability  is  found 
by  examining  the  change  in  with  a  change  in  sideslip  angle,  0. 

"f 


(-)  (-)  {+)  =  (+)  for  tail  to 

rear  aircraft 

[l-f;]  (7.15) 

(+)  =  (-)  for  tail  to 

front  aircraft 

The.  subscript  "fixed"  is  added  to  enphasize  that,  thus  far,  the  vertical 
tail  has  been  considered  as  a  surface  with  no  movable  parts,  i.e.,  the  rudder 
is  "fixed." 

Equation  7.15  reveals  that  the  vertical  tail  contribution  to  directional 
stability  can  only  be  changed  by  varying  the  vertical  tail  volume  ratio,  , 
or  the  vertical  tail  lift  curve  slope,  a^ .  The  vertical  tail  volume  ratio  can 
be  changed  by  varying  the  size  of  the  vertical  tail,  or  its  distance  from  the 
aircraft  eg.  The  vertical  tail  lift  curve  slope  can  be  changed  by  altering 
the  basic  airfoil  section  of  the  vertical  tail,  or  by  end  plating  the  vertical 
fin.  An  end  plate  on  the  top  of  the  vertical  tail  is  a  relatively  minor 
modification,  and  yet  it  increases  the  directional  stability  of  the  aircraft 
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30 


e ( Tai 1  ) 
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Fixed 


(+)  (-) 
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FIGURE  7.7.  EFFECTS  OF  EI-TO  PLATING 

As  the  aspect  ratio  is  increased,  the  for  stall  is  decreased.  Thus,  if  the 

aspect  ratio  of  the  vertical  tail  is  toe  high,  the  vertical  tail  will  stall  at 

lov'  siceslip  angles,  and  a  large  cecrease  in  directional  stahility  will  occur. 

7. 3. 1.2  Fuselage  Contribution  to  C„  .  The  primary  source  of  directional 

6 

instability  is  t.he  aircraft  fuselage.  This  is  so  because  the  s’absonic 
aerodj-amic  center  of  a  typical  fuselage  usually  lies  ahead  of  the  aircraft 
center  of  graviLV.  T.herefore,  a  positive  sideslip  angle  will  produce  a 
negative  yawing  moment  about  the  eg  causing  (fuselage)  to  be  negative  or 

''•g  ' 

destabilizing  (Figure  7.8). 
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FIGURE  7.8.  FUSELAGE  CCOTRIBUTION  TO 
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The  destabilizing  influence  of  the  fuselage  diminishes  at  large  sideslip 
angles  due  to  a  decrease  in  lift  as  the  fuselage  stall  angle  of  attack  is 
exceeded  and  also  due  to  an  increase  in  parasite  drag  acting  at  the  center  of 
the  equivalent  parasite  area  which  is  located  aft  of  the  eg. 

If  the  overall  directional  stability  of  an  aircraft  becomes  too  low,  the 
fuselage-tail  combination  can  be  made  more  stcibilizing  by  adding  a  dorsal  fin 
or  a  ventral  fin.  A  dorsal  fin  was  added  to  the  C-123,  and  a  ventral  fin  was 
added  to  the  F-104  to  inprove  static  directional  stability. 


FIGURE  7.9.  AFPLIO^.TICa'IS  OF  DORSAL  AND  VQTTRAL  FINS 

The  addition  of  a  dorsal  fin  decreases  the  effective  aspect  ratio  of  the 
tail;  therefore,  a  higher  sideslip  angle  can  be  attained  before  the  vertical 
fin  stalls.  Unfortunately  this  may  occur  at  the  expense  of  a  loss  in  maxim’jiii  C 

(Figure  7.7).  However,  this  loss  is  usually  more  than  coitpensated  for  by  the 
increased  area  behind  the  eg.  Thus,  the  overall  lift  of  the  fuselage-tail 
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combinaticn  is  usually  increased  (L^. 


=  C  q  S).  Therefore,  a 

r 

Greatly  increases  directional  stcdoility  at  large  sideslip  angles, 
shows  the  effect  of  adding  a  dorsal  fin  on  directional  stability. 


dorsal  fin 
Figijre  7.10 


FIGURE  7.10.  EFFECT  OF  ADDING  A  DOF^AL  FIN 

The  addition  of  a  ventral  fin  is  sirrdlar  to  adding  another  vertical  taij.. 
'•’h®  nee  effect  is  an  increased  surface  area  and  associated  nit  vn-cn  prococrs 
a  Greater  stabilizing  moment. 

Another  desicn  consideration  which  minimizes  the  destabilizing  influence 
of  the  fuselage  is  nose  shaping/modification.  While  these  fore-bc-dy  features 
are  usually  not  put  on  primarily  for  directional  stability,  they  do 
contribute.  For  example,  the  fore-body  fences  on  the  A-37  were  incorporated 
to  attain  repeatable  spin  characteristics,  but  they  also  cause  the  nose  to 
stall  at  smaller  g  than  the  same  aircraft  without  the  fences,  thus  diminishing 
the  destabilizing  influence  of  the  fuselage  (see  Figure  7.11). 


7.15 


r  L? 

UJ  . 


FIGURE  /.li.  EFFE! 

7. 5. 1.3 

Wing 

Contribution  to  C„  . 

airplane 

•s  .s 

tat:c  directional  stab: 

function 

of 

wing  sweep  ( A) .  £ 

contribu 

f-  or*. 

CO  static  directional 

The  contribution  cf  the  wing 


the 


positive 


sideslin.  Effectively,  the  relative  wirxd  ’’sees”  less  of  the  dc'wnwinc  vine  due 
to  fuselage  blanking.  This  reduces  the  lift  of  the  downwind  wing  and  thus 
reduces  its  induced  drag.  The  difference  in  induced  drag  between  tne  two 
"wines  tends  to  ya'w  the  aircraft  into  the  rexauive  wind,  which  j.s  stafc-lit.ing. 

S"wept  back  wings  produce  a  greater  positive  contribution  to  static 
directional  stability  than  do  straight  wings.  In  addition  to  fuselage 
blanking  effects,  it  can  be  seen  from  Figure  /.Iz  that  the  coinponen»,  of  free 
stream  velocity  normal  to  the  upwind  wing  is  significantly  greater  than  on  the 
downwind  winq. 
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FIGURE  7.12.  WING  SWEEP  EFFECTS  ON 

a 

K 

The  difference  in  normal  components  creates  unbalanced  lift  and  induced  drag 
on  the  two  wings,  thus  causing  a  stabilizing  yawing  moment.  Similarly,  a 
forward  sweep  angle  would  create  an  unstable  contribution  to  suatic 
directional  stability. 
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7. 3. 1.4  Miscellaneous  Effects  on  .  The  remaining  contributors  of  signi- 

"e 

ficance  to  are  propellers,  jet  intakes,  and  engine  nacelles, 

e 

A  propeller  can  have  large  effects  on  an  aircraft's  static  directional 
stability.  The  propeller  contribution  to  directional  stability  arises  from 
the  side  force  coirponent  at  the  propeller  disc  created  as  a  result  of 
sideslip. 


RW 


FIGURE  7.13.  PROPELLER  EFFECTS  ON  C 


The  propeller  is  destabilizing  if  a  tractor  and  stabilizing  if  a  pusher 
(Figure  7.13).  Similarly,  engine  intakes  have  the  same  effects  if  they  are 
located  fore  cr  aft  of  the  aircraft  eg. 

Engine  nacelles  act  like  a  small  fuselage  and  can  be  stabilizing  or 
destabilizing  depending  on  whether  their  cp  is  located  ahead  or  behind  t.he  eg. 
The  magnitude  of  this  contribution  is  usually  small. 

Aircraft  eg  movement  is  restricted  by  longitudinal  static  stability 
considerations.  However,  within  the  relatively  narrow  limits  established  by 
longitudinal  considerations,  eg  movements  have  no  significant  effects  on 
static  directional  stability. 

7. 3. 1.5  C_  S'jmmary.  Figure  7.14  summarizes  the  relative  magnitudes  of  the 
"a  ' 

primary  contributor  to 

"b 
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FIGURE  7.14.  PRIMARY  CONTRIBUTIOIS  TO  C 
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7.3.2  C  Rudder  Povrer 

n  - 

6 

r 

In  most  flight  conditions,  it  is  desired  to  maintain  zero  sideslip.  If 
the  aircraft  has  positive  directional  stability  and  is  symmetrical,  then  it 
will  tend  to  fly  in  this  condition.  However,  yawing  moments  may  act  on  the 
aircraft  as  a  result  of  asymmetric  thrust  (one  engine  inoperative),  slipstream 
rotation,  or  the  msymmetric  flow  field  associated  with  turning  flight.  Under 
these  conditions,  sideslip  angle  can  be  kept  to  zero  only  by  the  application 
of  a  control  moment.  The  control  that  provides  this  moment  is  the  rudder. 
Recall  from  Equation  7.12  that 


C  =  a,  oc  V 

n  F  ^  V 

F 

Differentiating  with  respect  to  5^. 

8C„  _  3a, 

as  "36  ^  36 

r  r  r 


(7.12) 


(7.16) 


3a,/3S^  is  the  equivalent  change  in  effective  vertical  tail  angle  of  attack 
per  unit  change  in  rudder  deflection  and  is  defined  as  rudder  effectiveness, 
T.  This  is  a  design  parameter  and  ranges  in  value  from  zero  (with  no  rudder) 
to  one  (in  the  case  of  an  all  moving  vertical  stabilizer  surface).  t  is  a 
measure  -of  how  far  one  would  have  had  to  deflect  the  entire  fin  to  get  the 
same  side  force  change  that  is  obtained  just  by  moving  the  rudder. 

Si±)Stituting  t  =  3o^/35^  into  Equation  7.16. 


9C 

V.  T  (7.17) 

r  & 
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The  derivative,  is  called  "r\adder  power"  and  by  definition,  its  algebraic 


sign  IS  always  positive.  This  is  because  a  positive  rudder  deflection,  +5^  is 
defined 'as  one  that  produces  a  positive  moir-ent  about  the  eg,  +C  .  The 
magnitude  of  the  rudder  power  can  be  altered  varying  the  size  of  the 
vertical  tail  and  its  distance  from  the  aircraft  eg,  by  using  different 
airfoils  for  the  tail  and/or  rudder,  or  by  varying  the  size  of  the  rudder, 

7.3,3  Yawing  foment  Due  to  Lateral  Control 

6  ~  - - - 

a 

The  next  two  derivatives  which  will  be  studied  f  C 


eind  C 


are  called 


pj 

'cross  derivatives,"  that  is,  a  lateral  input  or  rate  generates  a  yaw' 
(directional)  moment.  It  is  the  existence  of  these  cross  derivatives  that 
causes  the  rolling  and  ygw’ino  motions  to  be  so  closelv  couoled. 

T.he  first  of  t.hese  cross  derivatives  to  be  covered  will  be  C  ,  the 

n 

& 

a 

yawing  moment  due  to  lateral  control  deflection.  in  order  for  a  lateral 
control  to  produce  a  rolling  moment,  it  naist  create  an  unbalanced  lift 
condition  on  t.he  wings.  Ihe  wing  with  the  most  lift  will  also  produce  the 
most  induced  drag  according  to  the  equation  e.  Also,  any 

c.hange  in  the  profile  of  the  wing  due  to  a  lateral  control  deflection  will 
cause  a  change  in  profile  drag.  Thus,  any  lateral  control  deflection  will 
produce  a  change  in  both  induced  and  profile  crag.  T.he  predomi.na.nt  effect 
wile  be  depenaent  on  the  particular  aircraft  configuration  and  the  flight 
condition.  If  induced  drag  predominates,  the  aircraft  will  tend  to  yaw  avav 
rrom  the  direction  of  roll  (negative  ).  This  phenomenon  is  known  as 

‘  i 

d 

The  sign  of  for  "proverse"  yav  is  positive.  Beth 


ailerons  ana  spoilers  are  capable  of  producing  either  adverse  or  proverse 
yaw.  In  general,  ailerons  usually  produce  adverse  yaw  and  spoilers  usually 
produce  proverse  yaw.  Many  aircraft  use  differential  horizontal  stabilizer 
deflections  for  roll  control.  When  deflected,  the  horizontal  stabilizer  on  the 
downgeing  side  has  a  region  of  high  pressure  above  it.  This  high 
pressure  also  acts  on  the  side  of  the  vertical  stabilizer,  which  results  in  a 
yawing  moment.  This  yawing  moment  is  normally  proverse.  To  determine  which 
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condition  will  actually  prevail,  the  particular  aircraft  configuration  and 
flight  condition  must  be  analyzed.  If  design  permits,  it  is  desirable 
to  have  =  0  or  be  slightly  negative.  A  slight  negative  value  may 

i 

ease  the  pilot's  turn  cocrdinaticn  task  by  eliminating  a  need  to  cross 
control.  The  designs  of  some  modern  fighter-type  aircraft  make  the  pilot's 
task  easier  by  keeping  =0. 

i 


7.3.4  C  Yawing  Moment  Ekje  to  Roll  Rate 

n  - 2- - - - 

P 

The  second  cross  derivative  is  the  yawinc  moment  due  to  roll  rate  (C  ). 

p 

Both  the  wi.ng  and  vertical  tail  contribute  to  this  derivative.  In  this 
discussion  the  aircraft  will  be  considered  with  a  roll  rate,  but  no  deflection 
of  the  control  surfaces.  It  is  important  that  this  situation  not  be  confused 
with  yawing  .  moments  caused  by  control  surface  deflections.  This  is 
particularly  true  in  flight  tests  vdiere  it  may  be  difficult,  or  impossible  to 


separate  them. 

The  vins  ccntribution  to  C 


rises  from  two  sources:  induced  drag 


increase  and  t:.e  change  in  ma^cnitude  and  tilting  of  the  lift  vectors. 

As  an  aircraft  is  roiled,  the  angle  of  attack  on  the  dovcigoing  wing  is 
increased,  while  the  angle  of  attack  on  the  upgoing  wing  is  decreased.  T.he 


Since  the  two  wings  are  at  different  a-ngies  of  attack  during  the  roll, 
their  lift  vectors  v^ill  be  at  different  angles.  The  downgcing  wing  with  a 


greater  ancle  cf  attack  viJ]  tend  to  have  its 
tilted  more  forvard.  The  upgoing  wing  with  a 
tend  to  have  its  lift  vector  decreased  and  til 


ift  vector  increased  and 
educed  angle  of  attack  w'iii 
ed  more  aft  (Figure  7.15). 
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WiNG 


FI'GUKZ  7.15.  ■'v’ECTC-K  TILT  DLT  TO  ROLL  FATE 


For  a  right  roll,  the  left  wing  will  be  pulled  aft  more  than  the 
wina.  T.^is  causes  a  negative  contribution  to  .  This  is  true  even  t 

*  ‘p  ^ 

the  magnitude  of  the  resultant  aerod^T^amic  force  is  greater  on  tne 
do'^ccing  wing  than  on  the  upgoing  wing.  T.he  contribution  caused  by  t: 
r-.f  the  lift  vector  is  normally  greater  than  the  contribution  due  to  i: 
drao.  Therefore,  the  overall  wing  contribution  to  C.  is  usually  necativ 


right 

tl'iough 


ixtinq 


Rcllinc  changes,  the  angle  of  attack  on  the  vertical  tail  as  she 
“7  “t ^  ^  Tb’s  ■'■han'cre  ir.  angle  of  attack  cn  the  vertical  tail 

cenerare  a  lift  force.  In  the  situation  depicted  in  Figure  7.16,  the  •, 
in  anoie  of  attack  will  generate  a  lift  force,  ,  to  the  left. 
^,4 create  a  positive  yawing  inoinent.  Thus,  for  the  vert--cai 


^ vTi  1  n 


Generate  a 


is  usually  positive. 


Xhersfere ,  the  overall  value  of 


of  C_  is  not  easily  determined.  On  manj 
"'P 


aircraft  it  is  both  positive  and  negative,  depenaing  upon  trim  lift 
coefficient  or  angle  of  attack. 
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FIGURE  7.16.  CiA-N'GE  IN  AlvGLE  OF  .z-TIACK  OF  THE 

VERTIO^L  TAIL  DUE  TO  A  RIGHT  ROLL  RATE 


Considering  both  wing  and  tail,  a  slight  positive  value  of  is  desired 

p 

to  aid  in  Dutch  roil  damping. 

7.3.5  Yaw  Damping 

r 

The  derivative  C  is  called  yaw  damping.  It  is  strongly  desired  that 

r 

This  is  so  because  the  forces  qene rated  when  an  airplane  is 


be  negative • 


yawing  about  its  center  of  gravity  should  develop  moments  which  tend  to  oppose 
the  motion. 

Figure  7.17  summarizes  the  major  contributors  to  .  In  general,  the 

r 

fuselage  contributes  a  negligible  amount  except  vdien  it  is  very  large.  The 
more  important  contributors  are  the  wing  and  tail. 

The  tail  contribution  to  arises  from  the  fact  that  there  is  change  in 

r 

angle  of  attack  on  the  vertical  tail  whenever  the  aircraft  is  yawed.  This 
change  in  produces  a  lift  force,  ,  that  in  turn  produces  a  yawing  moment 
that  opposes  the  original  yawing  moment.  The  tail  contribution  to  ac- 

r 

counts  for  80-90%  of  the  total  "yaw  damping"  on  most  aircraft. 

The  wing  contribution  to  arises  from  the  fact  that  in  a  yaw,  the  out- 

r 

side  wing  experiences  an  increase  in  both  induced  drag  and  profile  drag  due  to 
the  increased  dynamic  pressure  on  the  wing.  An  increase  in  drag  on  the 
outside  wing  increases  a  yawing  moment  that  opposes  the  original  direction  of 
yaw. 
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YAW  RATE,  r 


FIGURE  7.17.  CONTP.IBUTORS  TO  C 


7.3.6  C  Yaw  Daitpinq  Due  to  Lag  Effects  in  Sidewash 

The  derivative  C  is  yaw  damping  due  to  lag  effects  in  sidewash,  a.  Very 

”3  .  .  •  ^ 

little  can  be  authoritatively  stated  about  the  magnitude  or  algebraic  sign  of 

C  due  to  the  wide  variations  of  opinion  in  interpreting  the  experimental  data 

n  • 

P 

concerning  it. 

As  an  aircraft  moves  through  a  certain  sideslip  angle,  the  angle  of 
attack  of  the  vertical  tail  will  be  less  than  it  would  be  if  the  aircraft  were 
allowed  to  stabilize  at  that  angle  of  sideslip.  This  is  due  to  lag  effects  in 
sidewash  which  tends  to  straighten  the  flow  over  the  tail.  Since  this 
phenomenon  reduces  the  angle  of  attack  of  the  vertical  tail,  it  also  reduces 
the  yawing  moment  created  by  the  vertical  tail.  This  reduction  in  yawing 
moment  is,  effectively,  a  contribution  to  the  yaw  damping.  Figure  7.18 
illustrates,  "yaw  damping  due  to  lag  effects  in  sidewash." 
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FIGURE  7. IS.  L.2>C  EFFECTS 

7.3.7  High  Speed  Effects  on  Static  Directional  Stability  Derivatives 

Since  most  of  the  directional  stability  derivatives  are  dependent  on  the 
lift  produced  by  various  surfaces,  we  can  generalize  the  effects  of  Mach  on 

these  derivatives.  The  effectiveness  of  an  airfoil  decreases  as  the  velocity 
increases  supersonically  as  shovn  in  Figure  7.19. 


MACH 


FIGURE  7.19.  C,  VS  M 


.3.7.1  C 


Since  C 


=  ^  =  f(-Mach),  then  fc: 


given  E,  as  .’lach  increases  beyond  .Mach  critical,  the  restoring  moment 

generated  by  the  tail  diminishes.  Unfcrtijnately  the  winc-fuselace  comhinaticn 

is  destabilizing  throughout  ohe  flight  envelope.  Thus,  the  overall  of  the 

“e 

aircraft  will  decrease  with  increasing  .Mach,  a.nd  in  fact  approac.nes  zero  at 
very  .nigh  .Mach  (Figure  7.20). 

The  requirement  for  large  values  of  C  .  is  compou.nded  by  tl'ie  tendency  of 

”3 

high  speed  aerochjnriairdc  designs  to  diverge  in  yaw  due  to  roll  couplino.  This 
problem  can  be  co.mbated  by  designing  an  extremely  large  tail  (F-lll  and  T- 
by  endpiating  the  tail  (F-104  and  T-38),  by  using  ventral  fins  (F-ill  and 

by  using  forebody  strakes  (SH-71),  or  by  designing  twin  tails  (F-15). 

The  F-lll  employs  ventral  fins  in  addition  to  a  sizeable  vertical 
stabilizer  to  increase  supersonic  directional  stability.  The  efficiency  of 
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rn 


underbody  surfaces  is  not  affected  by  wing  wake  at  high  eingles  of  attack,  eind 
supersonically,  they  are  located  in  a  high  energy  coinpressicn  pattern. 


FIGURE  7.20.  CHANGES  IN  DIRECTIOrtAL  STABILITY 
DERIVATIVES  WITH  MACH  (F-4C) 


1.3.1. 2  C^  .  Flow  separation  will  decrease  the  effectiveness  of  any 

”  i 

r 

trailing  edge  control  surface  in  the  transonic  region.  On  most  aircraft, 
however,  this  is  offset  by  an  increase  in  the  curve  in  the 


transonic 

region. 

As  a 

effective 

in  this 

region. 

curve 

decreases. 

and 

a. 

addition. 

once  the 

flow 

As  a  result,  flight  controls  are  usually  the  roost 
sgion.  However,  as  Mach  continues  to  increase,  the 
and  control  surface  effectiveness  decreases.  In 

flow  over  the  surface  is  supersonic,  a  trailing  edge 
control  cannot  influence  the  pressure  distribution  on  the  surface  itself,  due 
to  the  fact  that  pressure  disturbances  cannot  be  treinsmitted  forward  in  a 
supersonic  en-zi  roranent .  Thus,  the  rudder  power  will  decrease  as  Mach, 
increases  above  the  transonic  region. 

7.3.7. 3  C  .  For  the  same  reasons  discussed  under  rudder  power,  a  given 

n 

h 

a 

aileron  deflection  will  not  produce  as  much  lift  at  high  Mach  as  it  did 
transonicailv.  Therefore,  induced  drag  will  be  less.  In  addition,  the  profile 
drag,  for  a  given  aileron  deflection,  increases  with  Ma'ch.  For  some 
designs,  such  as  roll  spoilers  or  differential  ailerons,  these  changes  in  drag 
will  combine  to  cause  prove rse  yaw. 

7. 3. 7. 4  C  .  Yaw  damping  dep>ends  on  the  ability  of  the  wing  and  taij.  to 

*  *  *  n 

r 

develop  lift.  Thus,  as  Mach  increases  and  the  ability  of  all  surfaces  to 
develoD  lift  decreases,  yaw  damnina  will  also  decrease. 

~  o  -  :  ^  •Trie  si^  of  C  for  many  aircraft  is  a  function  oj.  trim  ii^. 

coefficient  anc  can  chanpe  sisns  with.  Mach. 


7. 3.7.6  C  .  The  effect  of  Mach  on  this  derivative  is  not  precisely  knowr,. 

e 

7 . 3 . £  Rudder  Fixed  Static  "irectional  Stability  (Flight  Test  Relationship'- 

Nov?  that  we  have  become  familiar  with  the  coefficients  cii=Cuing 
directional  stability,  we  will  develop  a  night  test  relationsiiip  -O  mesiure 
the  static  directional  stability  of  the  aircraft.  The  maneuver  we  use  to 
determine  C  is  the  "steady  straight  sideslip"  (Figure  7.21). 

n 

B 
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steady  straight  sideslip  requires  the  pilot  to  balance  the  forces  and  moments 
generated  on  the  airplane  by  the  sideslip  with  appropriate  lateral  and 
directional  control  inputs.  These  control  inputs  are  indicative  of  the  sign 
(and  relative  magnitude)  of  the  forces  and  moments  generated. 

As  its  name  inplies,  steady  straight  sideslip  means;  =  0. 
In  addition,  it  iitplies  that  no  rates  are  present  and,  therefore 
p  =  q=  r  =  (3  =  p=  r  =  v  =  0.  Given  this  information  and  recalling  the 
static  directional  equation  of  motion. 


Ce+C  -^  +  0  +  C  -fe+C  6+C 

"s  ”s  "p/“.  "r  A  "l  ■  ‘  i 


:  5  -  / 

b  / 


Therefore, 


Solving  for  5^ 


C  3+C  S+C  5 

n  n  a  n  r 

3  6  6 
a  r 


7^  5. 


=  0 


(7.18) 


(7.19) 


and  differentiating  with  respect  to  3 


85 

r 


3 ( Fixed) 


(7.20) 


The  sxjbscript  "fixed"  is  added  as  a  reminder  that  Equation  7.20  is  an 
expression  for  the  static  directional  stability  of  an  aircraft  if  the  rudder 
is  not  free  to  float. 
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Equation  7.20  can  be  further  simplified  by  discarding  the  terms  that  are 

usually  the  smallest  contributors  to  the  expression.  As  we  have  already 

discovered  C  and  C  are  both  usually  large  terms  and  normally  dominate 
"e  "6 

r 

in  the  static  directional  equation  of  motion.  On  the  other  hand,  if  the  air¬ 
craft  flight  control  system  is  properly  designed,  should  be  zero  or 

6 

a 

slightly  negative.  Therefore,  if  we  assiome  that  is  significantly  smaller 

& 

a 

than  the  other  coefficients  in  the  equation,  then  we  are  left  with  the 
following  flight  test  relationship: 


(7.21) 


Since  C  is  a  known  quantity  once  an  aircraft  is  built,  then  dS^/d&  can  be 

r 

taken  as  a  direct  indication  of  the  rudder  fixed  static  directional  stability 
of  an  aircraft.  Moreover,  can  be  easily  measured  in  flight. 

Since  C  has  to  be  positive  in  order  to  have  positive  directional 

"p 

stability  and  is  positive  by  definition,  85^/30  must  be  negative  to 

r 

obtain  positive  static  directional  stability. 
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RUDDER  DEFLECTION,  6 


7.3.9  F^jdder  Free  Directional  Stability  (Flight  Test  Relationship) 

On  aircraft  wi-rh  reversible  control  systems;  the  rudder  is  free  to  floc-t 
in  response  to  its  hinge  moments,  and  this  floating  can  have  large  effects  on 
the  directional  stardlity  of  the  airplane.  In  fact,  a  plot  of  55, /36  may  be 
stable  vyhile  an  exainiaation  of  tne  madder-  free  static  directional  stability 


reveals  t-he  aircrart 


be  unstable.  Thus,  if  the  madder  is  free  tc 


there  will  be  a  change  in  the  tail  contribution  to  static  directional 
stability.  To  analyze  the  nature  of  this  change,  recall  that  hinge  moments 
are  produced  by  the  pressure  distribution  caused  by  angle  of  attack  and 
control  surface  deflection. 

Consider  a  conventional  ( tail-to-the-rear )  aircraft  with  a  reversible 


madder.  Figure  7.23  depicts  the  hinge  moment  on  this  rudder  due  tc  angle  of 
attack  only  (i.e.,  =  0).  Note  that  ot_  is  positive  with  the  relative  wind 
from  the  right. 
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apt*) 


FIGURE  7.23.  HINGE  MOME^,’T  DUE  TO  RUDDER 
AI'JGLE  OF  ATTACK 

If  the  radder  control  were  released  in  this  case,  the  hinge  raoment,  ,  woalc 
cause  the  rudder  to  rotate  trailing  edge  left  (TEL).  This,  in  turn,  would 
create  a  moment  vrtiich  would  cause  the  nose  of  the  aircraft  to  yaw  to  the  lefw. 
Since  our  convention  defines  positive  as  a  right  yaw  and  anything  that 
contributes  to  a  right  yaw  is  also  defined  as  positive,  then  the  hinge  moment 
which  causes  the  rudder  to  deflect  TEL  is  NEGATIVE.  Conversely,  a  positive 
would  cause  the  rudder  to  deflect  TER. 
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This 


Figure  7.24  depicts  the  hinge  moment  due  to  rudder  deflection, 
condition  assianes  oc  ■  0. 


RW 


This  pressure  distribution  causes  a  hinge  moment  which  tries  tc  force  the, 
deflected  surface  back  to  its  original  position;  that  is,  it  tries  to  deflec” 
the  rudder  TEL.  We  have  already  discovered  that  this  moment  is  negative. 

Combining  the  aerodynamic  hinge  nuoments  for  a  giver,  rudder  deflection  and 
a  given  rudder  angle  of  attack,  we  find 


7.37 


(7.22) 


In  coefficient  form 


& 

r 


s 


(7.23) 


In  the  rudder  free  case,  when  the  vertical  tail  is  placed  at  some  angle 
of  attack,  cx^, ,  the  rudder  will  start  to  "float."  However,  as  soon  as  it 
deflects,  restoring  moments  are  set  up,  and  an  equilibrium  floating  angle  will 
be  reached  where  the  floating  tendency  is  just  balanced  by  the  restoring 
■tendency.  At  this  point  EH^  =  0  which  implies  =  0  (see  Figure  7.25). 


Therefore, 


or 


Thus, 


tt 

F 

a 

F 


5. 

(Float  ) 


0 


(Float  ) 


(Float) 


Ch 

a 

F 

— 

h 


(7.24) 

(7.25) 


(7.26) 
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FIGURE  7.25.  HliNfGE  MOr'IEMT  EQUILIBRIUM  (TEL) 

With  this  background,  it  is  now  pxDssible  to  develop  a  relationshio  tha 
expresses  the  static  directional  stability  cf  an  aircraft  with  the  rudder  fre 
to  float. 

Recall  that 

“r  (7.27) 

p 


7.39 


and  that 


0^  =  3  -  CT  (rudder  fixed) 


(7.28) 


But  for  rudder  free,  another  factor  (3ap/8S^)6^  must  be  added  to  account  for 
the  Aotp  which  will  result  from  a  floating  rudder. 


Therefore, 


tXj,  =  0  -  CT  + 


35  r 

r  (Float) 


(7.29) 


Substituting  into  Equation  7.27 


C  =  V  a^ 

n  V  F 

F 


^ 

r  (Float) 


(7.30) 


3C 


3  , 


3e 


=  V  a^ 

V  F 


(Free  ) 

vdiere  t  =  30^/35^  =  rudder  effectiveness 


35 


1  -  3g  +  T 
33 


Float ) 

"33 


(7.31) 


( Free ) 


V  a, 

V  F 


-  H] 


35 


1  +  T 


(Float  ) 

33 


1  -  3ff 
30 


(7.32) 


Recalling  that  cx^,  =  0  -  a,  then  3aj./30  =  1  -  3cr/30 
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(7.33) 


C 

"e(Free) 


V  a. 


1 


9e. 


1  +  T 


(Float  ) 

33 


"3 (Free) 


V  a_ 


1 


+  T 


^^^Float) 


Recall  that 


Therefore, 


(  Float 


a 

6 


8S  • 

t ( Float )  =  - 

3«f  S, 

0 


Thus,  from  Ecjuation  7.34 


(7.34) 


(7.35) 


(7.36) 


(-)  (-) 


(+)  1  -  (+)  (-)  =  (+)  for  tail  to  rear 

(-)  aircraft 


C  =  V 

n  .  .  V 

0  (Free) 


(7.37) 


It  can  be  seen  that  this  expression  differs  from  Equation  7.15, 
the  expression  for  rudder  fixed  directional  stability  by  t.he  term 
j 2  —  X  Cj^  ]•  Since  this  term  will  always  result  in  a  quantity  less 

a  6 

r  r 

than  one,  it  can  be  stated  that  the  effect  of  rudder  float  is  to  reduce  the 
slope  of  the  static  directional  stability  curve. 


YAW  MOMENT 


RUDDER 

FREE 


FIGURE  7.26.  EFFECT  OF  RUDDER  FLOAT  ON 
D”RECT10ISL  STL-EILITY 


While  Ecruation  7.37  is  theoretically  interesting,  it  does  net  contain 
Darameters  that  are  easily  measured  in  flight.  It  is  necessary,  tnerefere,  ..c 

develop  an  exc-ression  that  will  be  usetul  in  :.iight  test  work. 

Ne  have  already  seen  that  in  a  steady  straight  sideslip  =  0.  Tnererore 

fellows  that  Dv'j, .  oe  "in  “  have  also  discovered  that  fer  a  rree 

floating  system,  as  angle  of  attack  is  placed  on  the  vertical  fin,  the  rudder 

will  tend  to  float  and  try  to  cancel  some  of  this  angle  of  attack  until  an 
equilibrium  is  reached.  In  a  sideslip,  therefore,  the  pilot  must  apply  rudder 
force  to  oppose  the  aerodynamic  hinge  moment  in  order  to  keep  the  rudder 
deflected  the  desired  amount  to  maintain  the  required  6.  This  rudder  force 
exerted  by  the  pilot,  F^  ,  acts  through  a  moment  arm  and  various  gearing 
mechanisms,  both  of  which  are  accounted  for  by  some  constant  K. 
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Thus,  in  a  steady  straight  sideslip 


2N. 


Hinge  Pin 


=  F  •  K  +  H  =  0 


(7.38) 


or 


F 


-  G  •  H 

r 


(7.39) 


where 


G  =  1/K  (definition) 

Recalling  coefficient  format 

Hr  =  ^r  S,  (7.40) 


From  Equation  7.23 


H  =  q  S  c 

r  r  r 

Thus,  Equation  7.39  becomes 

fr  =  -  Gq,  c^ 


-h  ^ 

ot  h 

F  r 


a  6 

F  r 


(7.41) 


(7.42) 


implying  Equation  7.24 


F^  =  -  Gq^  c^ 


-  +  C.  6 

n  ,  r  hr 

&  (Float)  6 

r  r 


(7.43) 


^r  =  -  Gqr  S,  c. 


5-6 


(Float  ) 


(7.44) 


The  difference  between  where  the  pilot  pushes  the  rudder,  6.,  and  the  amount 


it  floats,  5, 
7.27). 


(Float  ) 


,  is  the  free  position  of  the  rudder,  6. 


( Figure 


(  F  i-  e  a  ) 
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Thus, 


(+){+)  (+)  (+)  (-)  (+) 


•=  G  q  S 

r  r 


(7.48) 


( r r.e  ) 


Therefore, 


(-)  for  stability 


This  equation  shov.'s  that  the  parameter,  can  be  taken  as  an 

indication  of  the  rudder  free  static  directional  stability  of  an  aircraft 
since  ail  terms  are  either  constant  or  set  by  design,  except 

!  r  r  e  e  ' 

Further,  this  equation  constitutes  a  flight  test  relationship  because 
can  be  readily  measured  in  flight. 

An  analysis  of  the  components  of  Equation  7.48  reveals  that  for  static 

directional  stability  (i.e.,  =  +),  the  sign  of  SF^ag  should  be  negative 

■  s 

(Figure  7.28) . 


RUDDER  FORCE,  F, 


FIGURE  7.28.  RUDDER  FORCE  VS  SIDESLIP 
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7.4  STATIC  LATERAL  STABILITY 


In  our  discussion  of  directional  stability,  the  wings  of  the  aircraft 
have  been  considered  at  some  arbitrary  angle  to  the  vertical  (angle  of  bank, 
<j)),  usually  taken  as  zero,  with  no  concern  for  the  aerodynamic  problem  of 
holding  this  angle  or  for  bringing  the  airplane  into  this  attitude. 

The  problem  of  holding  the  wings  level  or  of  maintaining  some  angle  of 
bank  is  one  of  control  over  the  rolling  moments  about  the  airplane's 
longitudinal  axis.  The  major  control  over  the  rolling  moments  is  the 
ailerons,  \diile  secondary  control  can  be  obtained  through  control  over  the 
sideslip  angle.  Recalling  the  stability  derivatives  which  contribute  to 
static  lateral  stability,  we  see  both  of  these  factors  present. 


=  C,  6  +  C, 


2U 


+  C, 


pb 

2U 


rb 

2U 


+  C,  +  C,  6.  +  C, 


(7.6) 


It  can  be  seen  that  the  rolling  moment  coefficient,  ,  is  not  a 
function  of  bank  angle,  i>.  In  other  words,  a  change  in  bank  angle  will 
produce  no  change  in  rolling  moment.  In  fact,  <|)  produces  no  moment  at  all. 
Thus,  Cj-  =  0,  and  although  it  is  analogous  to  and  ,  it  contributes 

_♦  "a  "b 

nothing  to  lateral  static  stability  analysis. 

Bank  angle,  (f>,  does  have  an  indirect  effect  on  rolling  moment.  As  the 
aircraft  is  rolled  into  a  bank  angle,  a  coirpanent  of  aircraft  weight  will  act 
along  the  Y-axis  and  will  thus  produce  an  unbalanced  force  (Figure  7.29). 
This  unbalanced  force  in  the  Y  direction,  ,  will  produce  a  sideslip,  g,  and 
as  seen  from  Equation  7.6,  this  will  influence  the  rolling  moment  produced. 
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FIGURE  7 . 29 


SIDE  FORCE  PRODUCED  BY  BAT.’K  ANGLE 


Each  stability  derivative  in  Equation  7.6  will  be  disoussed,  and  its 
contribution  to  aircraft  stability  will  be  analyzed.  Table  7.2  sunmarizes 
these  stability  derivatives. 


- r 

I 

DERIv7lTIv*E.  | 


i 

! 


TABLE  7.2 

LATERAL  STABILITY  AND  CaTTROL  DERIVATIV’ES 


InIAKE 

SIQ'/  FCR 

A  STABLE 
AIRCRAFT 

CO:\TP.I5UTI!i3  ?A?-‘ 
OF  AJRCFAFT 

Dihedral  Effect 

(-) 

1 

1  Wino,  Tail 

1 

La?,  Effects 

(+) 

1 

Wing,  Tail 

Roll  Dainping 

(-) 

Wing,  Tail 

Cross-CoupliuR 

(+) 

Wing,  Tail 

Lateral  Control  Power 

(+) 

Lateral  Control 

Roll  (iue  to  Rudder 

(-) 

Rudder 

7.4.1  Cj  Dihedral  Effect 

9  .  .  r 

C  ,  which  is  coimnonly  referred  to  as  "dihedral  effect,"  is  a  measure  of 

^  p 

the  initial  tendency  of  an  aircraft  to  roll  when  disturbed  in  sideslip. 

Although  the  static  lateral  stability  of  an  aircraft  is  a  function  of  all 

the  derivatives  in  Equation  7.6,  Cj  is  the  dominant  term. 

p 

The  algebraic  sign  of  must  be  negative  for  stable  dihedral  effect. 

(Figure  7.30).  Consider  an  aircraft  in  wings  level  flight.  If  disturbed  in 
bank  to  the  right,  the  aircraft  will  develop  a  right  sideslip  {+e) .  If  C.^  is 

neaative,  a  rolling  moment  to  the  left  (-)  will  result,  and  the  initial 
tendencTj^  will  be  to  return  toward  equilibrium. 


FI'CURZ  7.30.  ROLLING  MOr-lENT  COEFFICIENT  Cj  VS  SIDESLIP 
It  is  pc-ssibie  to  have  too  imach  or  too  little  dihedral  effect.  High 
values  of  dihedral  effect  give  good  spiral  stability.  If  an  aircraft  has  a 
large  amount  of  dihedral  effect,  the  pilot  is  able  to  pick  up  a  wing  with  top 
pjdder.  This  also  means  that  in  level  flight,  a  small  amount  of  sideslip  will 
cause  the  aircraft  to  roll,  and  this  can  be  annoying  to  the  pilot.  This  is 
known  as  a  high  (}>/6  ratio.  In  multi-engine  aircraft,  an  engine  failure  will 
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normally  produce  a  large  sideslip  angle.  If  the  aircraft  has  a  great  deal  of 

dihedral  effect,  the  pilot  must  supply  an  excessive  amount  of  aileron  force 

and  deflection  to  overcome  the  rolling  moment  due  to  sideslip.  Still  another 

detrimental  effect  of  too  much  dihedral  effect  may  be  encountered  when  the 

pilot  rolls  an  aircraft.  If  an  aircraft,  in  rolling  to  the  right,  tends  to 

yaw  to  the  left,  the  resulting  sideslip,  together  with  stable  dihedral  effect, 

creates  a  rolling  moment  to  the  left.  This  effect  could  significantly  reduce 

the  maximum  roll  rate  available.  The  pilot  wants  a  certain  amount  of  dihedral 

effect,  but  not  too' much.  The  end  result  is  usually  a  design  compromise. 

Both  the  wing  and  the  tail  contribute  to  .  The  various  effects  on 

e 

can  be  classified  as  "direct"  or  "indirect."  A  direct  effect  actually 
e 

produces  some  increment  of  ,  vdiile  an  indirect  effect  merely  alters  the 

0 

value  of  the  existing  . 

0 

The  discrete  wing  and  tail  effects  that  will  be  considered  are 
classified  as  shown  in  Table  7.3. 


TABLE  7.3. 
EFFECTS  ON  C 

1 

P 

DIRECT 

INDIRECT 

Geometric  Dihedral 

Aspect  Ratio 

Wing  Sweep  ' 

Taper  Ratio 

Wing-Fuselage  Interference 

1 

Tip  Tanks 

Vertical  Tail 

Wing  Flaps 

7. 4.1.1  Geometric  Dihedral.  Geometric  dihedral,  y,  is  defined  as  shown  in 
Figure  7.31,  and  is  positive  (dihedral)  when  the  chord  lines  of  the  wingtip 
are  above  those  at  the  wing  root,  and  is  negative  (anhedral)  when  the  tip 
chord  lines  are  below  the  wing  roots. 
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DIHEDRAL 


ANHEDRAL 

(CATHEDRAL) 


FIGURE  7.31.  GEOMETRIC  DIHEDRAL 


o  understand  the  effect  of  geometric  dihedral  on  static  latera 
ity,  consider  Figure  7.32. 


Vt  sin 


od 


—  ^  ^  Vy  sin  3  sin  ^ 
sinJ 


Vt  cos 


A 

I  V-  sin  sin  y 


FIGURE  7.32. 


OF  Y  OU  C. 


It  can  be  seen  that  v^en  an  aircraft  is  placed  in  a  sideslip,  positive 
geometric  dihedral  causes  the  component,  sin  g  sin  y  to  be  added  to  the 

lift  producing  component  of  the  relative  wind,  V^cosg.  Thus,  geometric 
dihedral  causes  the  angle  of  attack  on  the  upwind  wing  to  be  increased  by  Aa. 

To  find  this  Aa 


Vj,  sin  3  sin  y 

tan  Aa  =  - Q -  =  tan  e  sin  y  (7.49) 

Vj  P 

Making  the  small  angle  assumption, 

Aa  =  tan  e  sin  y  (7.50) 

Conversely,  the  angle  of  attack  on  the  downwind  wing  will  be  reduced. 
These  changes  in  angle  of  attack  tend  to  increase  the  lift  on  the  upwind  wing 
and  decrease  the  lift  on  the  downwind  wing,  thus  producing  a  roll  away  from 
the  sideslip.  In  Figure  7.32,  a  positive  sideslip  (+3)  will  increase  the 
angle  of  attack  on  the  upwind  (right)  wing,  thus  producing  a  roll  to  the 

left.  Therefore,  it  can  be  seen  that  this  effect  produces  a  stable,  or 

negative,  contribution  to  . 

p 

7. 4. 1.2  Wing  Sweep.  The  wing  sweep  angle.  A,  is  measured  from  a 
perpendicular  to  the  aircraft  x-axis  at  the  forward  wing  root,  to  a  line 
connecting  the  quarter  chord  points  of  the  wing.  Wing  sweep  back  is  defined 
as  positive . 

Aerodynamic  theory  shows  that  the  lift  of  a  yawed  wing  is  determined  by 
the  conponent  of  the  free  stream  velocity  normal  to  wing.  That  is, 

L  =  1/2  vdiere,  is  the  normal  velocity. 

As  was  previously  shown  in  our  discussion  of  C  ,  and  as  can  be  seen 

"p  . 

Wing 

from  Figure  7.33,  the  normal  conponent  of  free  stream  velocity  on  the  upwind 
wing  on  a  swept  wing  aircraft  is 

cos  (A  -  e)  (7.51) 

Conversely,  on  the  downwind  wing, 

cos  (A  +  6)  (7.52) 
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Itierefcre,  is  greater  on  the  uj^/ind  wing.  This  causes  the  upwind  wing  to 

produce  more  lift  and  creates  a  roll  away  from  the  direction  of  the  sideslip. 

In  other  words,  a  right  sideslip  will  produce  a  roll  to  the  left.  Thus,  aft 

wing  sweep  makes  a  stable  contribution  to  and  produces  the  same  effect 

9 

as  positive  geometric  dihedral - 


RW 


FIGURE  7.33.  NOPJ^  ’^TELOCITY  COfiPOK^T 
ON  SVJEPT  WING 
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M.  =  (1/2)C^  I  p  [cos^  (A-e)-cos^  (A +3)1  (7.57) 

Applying  a  trigonometric  identity, 

[cos^  (A  -  g)  -  cos^  (A  +  3)1  =  sin  2  A  sin  2  g  (7.58) 

Making  the  assunption  of  a  small  sideslip  angle, 

sin  2  A  sin  2  g  =  2g  sin2A  (7.59) 

Therefore,  Equation  7.57  becomes 

AL  =  {1/2)C^  I  p  2  g  sin2A  =  (l/2)Cj_  S  p  g  sin2A  (7.60) 

The  rolling  moment  produced  by  this  change  in  lift  is 
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L  (Rolling  Moment)  = 


A  L  Y 


(7.61) 


Where  Y  is  the  distance  from  the  wing  cp  to  the  aircraft  eg.  The  minus  sign 
arises  from  the  fact  that  Equation  7.60  assumes  a  positive  sideslip,  +3,  and 
for  an  aircraft  with  stable  dihedral  effect,  this  will  produce  a  negative 
rolling  moment 


Cx  = 


L  (Rolling  Moment) 
S  b 

^  w  w 


(7.62) 


Y  C  S  p  V  ^  3  sin2A  C  Y  3 

C,  =  -  - ^ - - ^  sin2A  (7.63) 

P  Sb  ^ 

9^1  y 

-^  =  q  =  “  B  .sin2A  =  -  CONST  (C^^  sin2A)  (7.64) 

vdiere  the  constant  will  be  on  the  order  of  0.2.  Equation  7.64  should  not  be 
used  above  A  =  45°  because  highly  swept  wings  are  subject  to  leading  edge 

separation  at  high  angles  of  attack,  and  this  can  result  in  reversal  of  the 
dihedral  effect.  Therefore,  it  is  best  to  use  enpirical  results  above 
A  =  45°. 

Equation  7.64  shows  that  at  low  speeds  (high  )  sweepback  makes  a  large 
contribution  to  stable  dihedral  effect.  However,  at  high  speeds  (low  C^) 
sweepback  makes  a  relatively  small  contribution  to  stable  dihedral  effect 
(Figure  7.34). 
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(HIGH  0.5  1.0  1.5  (LOW 

SPEED)  SPEED) 


LIFT  COEFFICIENT,  C^ 


FI-3UFZ  7.34.  EFFE^nS  OF  Vr[NG  SWEEP  AND  LIFT  COEFFICIErTT 
CSs’  DIHEDRAL  EFFECT,  C, 

e 

For  forward  swept  wings,  the  sweep  becomes  more  destabilizing  at  slow  speeds 

and  less  destabilizing  at  high  speeds.  For  angles  of  sweep  on  the  order  of 

45’,  the  wing  sweep  contribution  to  C,  may  be  on  the  order  of  -C, /5. 

*  6 

For  large  values  of  ,  this  is  a  very  large  contribution,  eq-uivalent 
to  nearly  10’  of  geometric  dihedral 


becoming  ex 
C,  to  C 

w  r. 

p  .  3 

speeds . 


Since  the  effect  of  sweepback  varies  with  , 
tremely  small  at  high  speeds,  it  can  help  uie  proper  ratio  of 

at  high  speeds  and  reduce  poor  Dutch  roll  characteristics  at  these 
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1 


7.4. 

the 


nvDirier 

does 

exist 


cp  HIGHLY  TAPERED  WING 
O  cp  LOW  TAPERED  WING 


FIGURE.  7.56.  CCKTRIBUTia'I  OF  TAPER  RATIO 
TO  DIHEDRAL  EFFECT 


Taper  Ratio.  Taper  ratio,  X,  is  the  ratio  of  the  tip  chord  to 
root  Chora  ana  is  a  measure  of  how  fast  the  wing  chord  shortens. 
;fore,  the  lower  the  taper  ratio,  t.he  faster  the  chord  shortens.  On  highly 
:ed  wings,  the  center  of  pressure  is  closer  to  the  aircraft  ~o 
:^red  wings.  This  results  in  a  shorter  moment  arm  and  thus,  less  rolling 
It  for  a  given  asymmetric  lift  distribution  (Figure  7.36^  Turner  ratio 


Hw-u  dx*ie«ra.L  6.!.rect  out  merely  alters  the  macnitud? 


5f  the 


.mg  Gineoraj.  erfect.  Thus  it  has  an  indirect  contribution  to  d-? 


FIGURE  7.37.  EFFECT  OF  TI?  TKWS  ON 

DIKEDPGiL  EFFECT,  C.  OF  F-80 


Tio 


tarJ:3,  pylon  tanks,  or  oth^ 


^:ter 


ncirect  infiuenoe  on  C,  .  UnfortuTaately , 


'.ficTuraticn  is  hare  to  predict  analytical 
V  on  erpirical  results.  To  illustrate 
confiqurations,  data  for  the  F-SO  are  presente; 
are  lor  an  F”50  in  cruise  cor.-iyu-'.-. ■ — 
vd  165  caller,  underslunc  tanks.  Tnese  cata  jhow 
-crease  dihiedral  effect  v;riiie  the  undersiung  t 
ffect  considerablv. 


FIGURE  7.38.  EFFECT  OF  FLAPS  ON  WING  LIFT  DISTRIBUTION 


7. 4. 1.6  Partial  Soar.  Flaps.  Partial  span  flaps  indirectly  affect  static 

lateral  stability  by  shifting  the  center  cf  lift  or  the  wing,  thus  changing 

rbe  effective  moment  arm  Y.  If  the  partial  span  flap  is  on  the  inbosro 

portion  of  the  vri.ng  (as  is  usually  the  case),  then  it  will  shift  the  center  of 

lift  inboard  and  reduce  the  effective  moment  arm.  Therefore,  although  the 

values  cf  AL  remain  the  same,  the  rolling  moment  will  decrease.  This  in  turn 

has  a  detrimental  effect  on  C,  (Figure  7.38).  The  higher  the  effectiva.ness 

's  . 

of  the  flaps  in  increasing  the  lift  coefficient,  the  greater  win  be  tne 
change  in  span  lift  distribution  and  the  more  detrimental  will  be  the  effect 
of  the  inboard  flans.  Therefore,  the  decrease  in  lateral  stability  oue  tc 
flap  extension  inay  oe  large . 

Extended  flaps  may  also  cause  a  secondary,  and  ge.nerally  small,  variation 
in  uhe  effective  dihedral.  This  secondary  effect  depends  upon  the  pianccrm  or 
the  flaps  themselves.  If  the  shape  of  the  wing  gives  a  sweepback  to  the 
leading  edge  of  the  flaps,  a  slight  stabilizing  dihedral  effect  results  wnen 
tJ'.e  flaos  are  extended.  If  the  leading  edges  of  the  flaps  are  swept  fcrwara, 
flap  extension  causes  a  slight  destabdlizing  dihedral  effect.  These  effects 
are  produced  by  the  same  phenomenon  that  produced  a  change  in  with  ving 
sweep - 
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7. 4. 1.7  Wing-Fuselage  Inte r f e rence .  For  a  complete  analysis  of  dihedral 
effect,  account  must  be  taken  of  the  various  interference  effects  between 
parts  of  the  aircraft.  Of  these,  probably  the  most  important  is  wing-fuselage 
interference— more  precisely,  the  change  in  angle  of  attack  of  the  wing  near 
the  root  due  to  the  flow  pattern  about  the  fuselage  in  a  sideslip.  To 
illustrate  this,  consider  a  cylindrical  body  yawed  with  respect  to  the 
relative  wind. 


FIGURE  7.39.  FLOW  PATTERN  ABOUT  A  FUSELAGE  IN  SIDESLIP 


The.,  fuselage  induces  vertical  velocities  in  a  sideslip  which,  when 
combined  with  the  mainstream  velocity,  alters  the  local  angle  of  attack  of  the 
wing,  when  the  wing  is  located  at  the  to?  of  the  fuselage  •high-wing'i  /  then 
che  angle  of  attack  will  be  increased  at  the  wing  root,  and  a  positive 
sidesiio  will  produce  a  negative  rolling  moment;  i.e.,  the  dihedral  efrecr 
will  be  enhanced.  ..  Conversely,  when  the  aircraft  has  a  low  wing,  the  angle  of 
attack  at  the  root  will  be  decreased,  and  the  dihedral  effect  will  be 
diminished.  Generally,  this  explains  why  high-wing  airplanes  often  have 
little  or  no  geometric  dihedral,  whereas  iow’-wing  aircraft  may  have  a  great 
deal  of  geometric  dihedral. 

The  magnitude  of  this  effect  is  dependent  upon  the  fuselage  length  anead 
of  the  wing,  its  cross-sectional  shape,  and  the  planform  and  location  of  the 
wing. 
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-L  (Rolling  Moraent) 


ptgUEE  7.40.  ROLLING  CREATED  BY  VEF.TIG^ 

TAIL  AT  A  POSITIVE  ANGLE  OF  SIDESi-IP 


•tical  Tail.  As  we  have  already  discovered  in  cur  C^ 


dis- 


r-as=icn  when  the  sideslip  angle  is  changed,  the  angle  of  attacK  or  the 
vertrcai  tail  is  changed.  This  change  in  angle  of  attack  produces  a  lift  rorce 
on  the  vertical  tail.  If  the  center  of  pressure  of  the  vertical  tail  is  aocve- 

th.  »ir.T3ft  eg,  this  lift  feres  will  produce  a  rolling  oonsnt. 

“  the  siboation  depicted  in  Figure  7.40,  the  negative  tolling  poment  -was 
created  by  a  positive  sideslip  angle,  thus,  t-he  vertical  tail  ccntritutes  ^a 
stable  inccenent  to  dihedral  effect.  This  contribution  can  be  quite  large,  m 
fact,  it  can  be  the  iKjor  contribution  to  C,^  on  aircraft  with  large 

vertical  tails  such  as  the  T-38.  This  effect  can  be  calculated  in  tl-,e  sa.Te 
manner  yawing  moments  were  calculated  in  the  directional  case. 
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Assiiming  a  positive  sideslip  angle, 


then 


Lj.  (Rolling  Moment)  =  -Z^L^. 


(7.65) 


Since 


Lp (Rolling  Moment)  -  -  k  x  -L^  j  = 

L  (Rolling  Moment) 
n  “  a  S  b 

F  ^  w  w 


i 

F  F 


“Z  L 

F  F 

q  S  b 

^  w  w 


(7.66) 


but 


Therefore, 


C  q  S 

F 


-Z  C  q  S 

F  L  ^F  F 
F 

q  S  b 

^  w  w 
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Define  Vp  as 


Assume  that  for  a  jet  aircraft 


And  Equation  7.67  becomes 


S„Z^ 

F  F 

w  w 


% 


Cx  =  -C.  Vp  =  -apCXpVp 

F  F 


(7.68) 

(7.69) 

(7.70) 


Knowing 


(e  -  a) 


q  =  -  apVp  (e  -  ff) 

F 


(7.71) 
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(-)(-) 


(-)  Tail  on  top 


"  _  .  V  h  -  Is] 

r  F  8g. 


{1.12) 


Vertical 

tail 


(-)(+)  (+) 


[+)  Tail  on  bottom 


Equation  7.72  reveals  that  a  vertical  tail  contributes  a  stable  increment 
to  Cj  ,  vhereas  a  ventral  fin  =  (  +  ))  would  contribute  an  unstable 

increment  to  C,  .  Also,  if  the  lift  cur/e  slope  of  the  vertical  tail  is 
*8 

increased,  end  plating  for  example,  the  stable  dihedral  effect  would  be 

greatly  increased.  For  example,  the  F-lOA  has  a  high  horizonta]  stabilizer  tha 
acts  as  an  end  plate  on  the  vertical  tail,  and  this  increases  the  stable 
dihedral  effect.  In  fact,  the  increase  is  so  large  that  it  is  necessary  to 
add  negative  geometric  dihedral  to  the  wings  to  m.-.'-ntain  a 
reasonable  value  of  stable  dihedral  effect. 


7.4.2  C, 


LATERAL  CCNTROL  PCWER 


Lateral  control  is  normally  achieved  by  altering  the  lift  distribution  sc  that 
the  total  lift  on  the  two  wings  differs,  thereby  creating  a  rolling  moment. 

This  is  done  by  destroying  lift  on  one  wing  by  a  spoiler,  or  by  altering  the 
lift  cn  both  v»rinci5  vit-h  silsrons  (Ficruirs  7.41i, 

2-iany  modern  aircraft  designs  use  differential  deflections  of  the 
horizontal  stab-ilizers  for  roll  control.  the  oilot  makes  a  roll  input. 


jilizers  rc 


roll  control.  V^-.on  the  oilot  makes  a  roll  input. 


the  horizontal  stabilizer  on  one  side  will  deflect  trailing  edge  dovT,,  while 
the  stabilizer  cn  the  other  side  deflects  trailing  edge  up.  The  difference  in 
lift  on  the  two  sides  of  the  stabilizer  results  in  a  rolling  moment. 
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AILERONS  SPOILER 


FIGUPZ  7.41.  LATERAL  CCiTTROL 

This  discussion  will  be  limited  to  the  use  of  ailerons  as  the  means  or 
lateral  control.  A  measure  of  aileron  pcwer  is  the  rolling  moment  created  by 
a  given  aileron  deflection.  A  positive  deflection  of  either  aileron,  +6^,  is 
defined  as  one  which  produces  a  positive  rolling  moment,  (right  wing  aown). 
C,  is  positive  by  definition.  Total  aileron  deflection  is  defined  as  the 

sum* of  the  two  individual  aileron  deflections.  Thus, 


s=  S 

a  ® 

Left  ?.  ight 


(7.73) 


The  assumption  will  be  made  that  t-he  wing  cp  shift  due  to  aileron  defl 


Si  ter 


the  value  of  C, 


f  rciT.  t.hs  X— sxis  to  th6  cp  cz 


vill  be  labeled  Y.  When  the  ailerons  are  deflected,  they  prccuce  a 
chance  in  lift  on  both  wings.  This  total  change  in  lift,  AL,  produces 


rcllinc  moment,  L. 


Since 


L(Rolling  Moment)  =  Y  -  Lj,  Y  -  (Lj_  ) 

L  =  q  S 


Y  =  AL 


(7.74) 


hL  = 


(7.75) 
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therefore 


9C 

L( Rolling  Moment)  =  Aa  a  S  Y 

_  a  a 

9a 

a 

vrtiere  the  "a"  subscripts  refer  to  "aileron"  values. 

But 


therefore 


9a 

a 


L( Rolling  Moment)  =  a^  Aa^  Y 


Recalling 


then 


If  we  let 

then 

and 


L  (Rolling  Moment) 
q.  S  b 

^  .  w  W 


Cx  = 


a  Aa  S  Y 

a  a  a 


"S  5" 


Aa 

a 


S  +5 

a  a 

Left  Right 


s 

a 

Total 


c 


1 


5  S  Y 

a  a 

Total 

S  b 

w  w 


(7.76) 


(7.77) 


(7.78) 


(7.79) 


(7.80) 


(7.81) 


Thus,  from  Equation  7.81  the  lateral  control  power  is  a  function  of  the 
aileron  airfoil  section  (aj,  the  area  of  the  aileron  in  relation  to  the  area 
of  the  wing  S^/S^,  and  the  location  of  the  wing  cp  (Y/b). 
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7.4.3  Rcll  Deunping 

p 

The  forces  generated  when  an  airplane  is  rolling  about  its  x-axis,  at 
some  roll  rate,  p,  produce  rolling  moments  which  tend  to  oppose  the  motion. 
Thus  the  algebraic  sign  of  is  usually  negative. 

p 

The  primary  contributors  to  roll  damping  are  the  wings  and  the  tail.  The 
wing  contribution  to  Cj^  arises  from  the  cheinge  in  wing  angle  of  attack  that 

p 

results  from  the  rolling  velocity.  It  has  already  been  shown  that  the 
downgoing  wing  in  a  rolling  manem/er  experiences  an  increase  in  angle  of 
attack.  This  increased  a  tends  to  develop  a  rolling  moment  that  opposes  the 
original  rolling  moment.  However,  when  the  wing  is  near  the  aerodynamic 
stall ,  a  rolling  motion  may  cause  the  downgoing  wing  to  exceed  the  stall  angle 
cf  attack.  In  this  case,  the  local  lift  curve  slope  may  fall  to  zero  or  even 
reverse  sign.  The  algebraic  sign  of  the  wing  contribution  to  Cy  may  then 


become  positive.  This  is  what 
spinning  (Figure  7.42). 


p 

occurs  when  a  wing  "autorclls,"  as  in 


NORMAL  AOA  HIGH  AOA 

FIGURE  7.42.  HIGH  AOA  EFFECTS  ON  C. 

P 

The  vertical  tail  contribution  to  C,  arises  from  the  fact  that  when  the 

*p 

aircraft  is  rolled,  the  angle  of  attack  on  the  vertical  tail  is  changed.  This 
change  in  angle  of  attack  develops  a  lift  force  vhich  opposes  the  original 
rolling  moment.  This  contribution  to  a  negative  is  the  same  regardless  of 

p 

whether  the  tail  is  above  (conventional  tail)  or  below  (ventral  fin)  the 
aircraft  roll  axis. 
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7.4.4  Cj  Rolling  Moment  Due  to  Yaw  Rate 

r 

The  primary  contributions  to  Cj  come  from  two  sources,  the  wings  and  the 

r 

vertical  tail  {Figure  7.43). 


FIGURE  7.43.  q  CONTRIBUTORS 

r 

As  the  aircraft  yaws,  the  velocity  of  the  relative  wind  is  increased  on 
the  ad'/ancing  wing  to  produce  more  lift  and  thus  produces  a  rolling  moment.  A 
right  yaw  would  produce  more  lift  on  the  left  wing  and  thus  a  rolling  moment 
to  the  right.  Thus,  the  algebraic  sign  of  the  wing  contribution  to  is 
positive. 
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The  tail  contribution  to  arises  from  the  fact  that  as  the  aircraft  is 

r 

yawed,  the  angle  of  attack  on  the  vertical  tail  is  changed.  The  lift  force 
thus  produced,  ,  will  create  a  roiling  moment  if  the  vertical  tail  cp  is 

above  or  below  the  eg.  For  a  conventional  vertical  tail,  the  sign  of  C,  will 

r 

be  positive,  while  for  a  ventral  fin  the  sign  will  be  negative. 

7.4.5  C,  Rolling  Moment  IXie  to  Rudder  Deflection 
*  & 

r 

When  a  rudder  is  deflected  it  creates  a  lift  force  on  the  vertical  tail.  If 
the  cp  of  the  vertical  tail  is  above  or  below  the  aircraft  eg  a  rolling  moment 
will  result.  Refer  to  Figure  7.44. 


FIGURE  7,44.  LIFT  FORCE  DEVELOPED  AS  A  RESULT  OF  £ 

r 


It  can  be  seen  that  if  the  cp  of  the  vertical  tail  is  above  the  eg,  as 

with  a  conventional  vertical  tail,  the  sign  of  will  be  negative. 

6 

r 

Hcvever,  with  a  rudder  mounted  on  a  ventral  fin,  the  sign  would  be  positive. 
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The  effects  of  q  and  C.  are  opposite  in  nature.  VJhen  the  rudder  is 

deflected  tc  the  right,  initially,  a  rolling  moment  to  the  left  is  created 
_  ^-^.,,-cver,  as  sideslip  develops  due  to  the  rudder  dej-xeci-iCi.. , 

*  I 

dihedral  effect,  ,  comes  into  play  and  causes  a  resulting  rolling  moment  to 

the  right.  T.herefore,  when  a  pilot  applies  right  rudder  to  pick  up  a  left 
wing,  he  initially  creates  a  rolling  moment  to  the  left  and,  finally,  to  the 

right  (Figure  -7.45). 


FIGUKE  7.45.  TIME  EFFECTS  ON  ROLLING  MOMETTP 
DUE  TO  C,  and  C,  CAUSED  EY  + 

j.  „ 

£  “ 
r 

7^5  MGin0nt.5  E)U0  t.o  Lbq  Effects  in  aid6V75sn 

In  the  discussion  of  ,  it  was  pointed  out  that  during  an  increase  in 

6,  the  angle  cf  attack  of  the  vertical  tail  will  be  less ‘than  it  will  finaiiy 
be  in  stead:.’  state  condition.  If  the  cp  of  the  vertical  tail  is  displaced 

from  the  aircraft  eg,  this  change  in  ocj,  due  to  lag  effects  wixl  alter  the 
rolling  moment  created  during  the  &  build  up  period.  Because  of  lag  effects, 
Cj  will  be  less  during  the  S  build  up  period  than  at  steady  state. 

Thus  for  a  conventional  vertical  tail,  the  algebraic  sign  of  C, _  is  positive. 

Again,  it  should  be  pointed  out  that  there  is  widespread  disagreement 
over  the  interpretation  of  data  concerning  lag  effects  in  sidewash  and  that 
the  foregoing  is  only  one  basic  approach  to  a  complex  problem. 
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or 


7,4.7  High  Speed  Consideration  of  Static  Lateral  Stability 

Most  of  the  contributions  to  are  due  to  ^^wing 

t  As  airspeed  affects  these  parameters,  it  also  affects  static 

vertical  tail* 

lateral  stability. 

7. 4. 7.1  q  .  Generally,  C,  is  not  greatly  affected  by  Mach.  However, 

in  the  t/ansonic  region  the  increase  in  the  lift  curve  slope  of  the 
vertical  tail  increases  this  contribution  to  and  usually  results  in  an 
overall  increase  in  in  the  transonic  region. 

1  A. 1.2  q  .  Because  of  the  decrease  in  the  lift  curve  slope  of  all  aero- 

h 

dynamic  surfaces  in  supersonic  flight,  lateral  control  power  decreases  as  Mach 
increases  supersonically. 

Aeroelasticity  problems  have  been  quite  predominant  in  the  lateral 
control  system,  since  in  flight  at  very  high  dynamic  pressures  the  wing 
torsional  deflections  vdiich  occur  with  aileron  use  are  considerable  and  cause 
noticeable  changes  in  aileron  effectiveness  (Figure  7.46).  At  high  dynamic 
pressures,  dependent  upon  the  given  wing  structural  integrity,  the  twisting 
deformation  might  be  great  enough  to  nullify  the  effect  of  aileron  deflection 
and  the  aileron  effectiveness  will  be  reduced  to  zero.  Since  at  speeds  above 
the  point  where  this  phenomenon  occurs,  rolling  moments  are  created  which  are 
opposite^n  direction  to  the  control  deflection,  this  speed  is  termed  "aileron 

reversal  speed." 


7.70 


WING  TORSION 
(AILERON  TRIMMED) 


/ 


WING  TORSION 


FI’GU?£  7.46.  AEFOELASTIC  EFFE'CTS 


In  order  to  alleviate  this  characteristic,  t.he  wing  mast  have  a  high 
torsional  stiffness  which  presents  a  significant  design  problem  in  sweptwing 
aircraft.  For  an  aircraft  design  of  the  B-47  type,  it  is  easy  to  visualise 
hL'arroelastic  distortion  irdg.ht  result  in  a  considerable  reducUon  in  lateral 
control  capability  at  high  speeds.  In  addition,  lateral  control  effectiveness 
at  transonic  Kach  may  be  reduced  seriously  by  flow  separation  effects  as  a 
result  of  shock  fcriraticn.  However,  modern  high-speed  fighter  designs  have 
been  so  successful  in  introducing  sufficient  rigidity  into  wing  structures  and 
employing  such  design  modifications  as  split  ailerons,  irlcoard^ 

=po’'!er  svstems  etc.,  that  the  resulting  high  control  power  coupiec  wit.n  tne  ■ 
low  "q  of  1^^  aspect  ratio  ?lanform.s,  has  resulted  in  tne  lateral  control 

becoiring  an  accelerating  device  rather  thari  a  rate  control.  That  is  to  sav, 
a  steady  state  rolling  velocity  is  nornally  not  reached  prior  to  attaining  the 
desired  bank  angle.  Consequently,  many  high  speeo  aircrart  have  a  type  o.. 
differential  aileron  system  to  provide  the  pilot  with  irrach  more  control 
surface  during  approach  and  landings  and  to  restrict  the  degree  of  control  in 

other  areas  of  flight. 

Spoiler  controls  are  quite  effective  in  reducing  aeroelastic  distortions 
since  the  pitching  moment  changes  due  to  spoilers  are  generally  smaller  than 
those  for  a  flap  type  control  surface.  Howevei ,  a  problem  associated  with 


spoilers  is  their  tendency  to  reverse  the  roll  direction  for  small  stick 
inputs  during  transonic  flight.  This  occurs  as  a  result  of  re-energizing  the 
boundary  layer  by  a  vortex  generator  effect  for  very  small  deflections  of  the 
spoiler,  vdiich  can  reduce  the  magnitude  of  the  shock  induced  separation  and 
actually  increase  the  lift  on  the  wing.  This  difficulty  can  be  eliminated  by 
proper  design. 

7. 4. 7. 3  C  .  Since  "danping"  requires  the  development  of  lift  on  either  the 

p 

wing  or  the  tail,  it  depends  on  the  value  of  the  lift  curve  slope.  Thus,  as 
the  lift  curve  slope  of  the  wing  and  tail  decreases  supersonically, 

p 

decreases.  Also,  since  most  supersonic  designs  make  use  of  low  aspect 
ratio  surfaces,  will  tend  to  be  less  for  these  designs. 

p 

7. 4. 7. 4  C  and  C,  .  Both  of  these  derivatives  depend  on  the  develop¬ 

er 

r 

ment  of  lift  and  will  decrease  as  the  lift  curve  slope  decreases  super¬ 
sonically.  ■ 

7. 4. 7. 5  C^,.  Data  on  the  supersonic  variation  of  this  derivative  is 

sketchy,  but  it  probably  will  not  change  significantly  with  Mach. 

Variation  of  all  the  conponent  derivatives  with  Mach  is  illustrated  in 
Figure  7.47. 
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1 1 i  . 


Ci^vGES  IN  LATERAL  STAEILirf  DERiL'AiIVc.S 
VyETIi  MACK  '  F-4C) 


7.4.8  Controls  Fixed  Static  Lateral  Stability  (Flight  Test  Relationship) 

Having  dis~assed  the  lateral  stability  derivatives,  we  are  now  ready  to 
develop  a  parameter  \dnich  can  be  measured  in  flight  to  determine  the  static 
lateral  stability  of  an  aircraft.  As  in  the  directional  stability  case,  the 
maneuver  that  will  be  flown,  will  be  steady  straight  sideslip  (reference  Figure 


7  21)  Recalling  the  static  lateral  eguation  of  motion  and  the  fact  that  in  a 
steady  straight  sideslip  p  =  q=  r  =  e=  p=  r  =  v=ZG=rFy  -  0,  then 


Thus 


c,  e  +  c,  &  +  c, 


5  = 

r 


(7.82) 


Solving  for  5^ 


(7.83) 


and  differentiating  with  respect  to  g 


=  -  ^3 (Fixed)  -  ^ r 

ap  C 

&  & 


35^ 

33 


Disregarding 

pression, 


the  term  that  is  usually  the  smallest  contributor  to  the  ex- 
,  we  arrive  at  the  following  flight  test  relationship: 


(7.84) 


Since  C,  =  a  (S  /S  )(Y/b),  all  of  which  are  known  and  fixed  by  design, 
& 

a 

then  the  only  dominant  variable  remaining  is  .  Therefore  95^/3g  can  be 

e 

taken  as  a  direct  measure  of  the  static  lateral  stability  of  an  aircraft, 
controls  fixed. 

Since  C.  has  to  be  negative  in  order  to  have  lateral  stability  and  C 

is  positive  by  definition,  then  35^/3g  should  have  a  positive  slope  as 
shown  in  Figure  7.48. 
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FI'GUEE  7.48.  AILERON  DEFLE'CTION  5^  ’/ERSUS  SIDESLIP  ANGLE 

7.4,9  Ccntrols  Free  5t£tic  Lateral  Stability  (Flight  Test  Relationship) 

Cffi  aircraft  with  reversible  control  systems,  the  ailerons  are  free  to 
float  in  response  to  their  hinge  moments.  Using  the  same  approach  as  in  the 
directional  case,  it  is  possible  to  derive  an  expression  that  will  relate  the 
"aileron  free"  static  lateral  stability  to  parameters  that  can  be  easily 
measured  in  flight.  For  the  discussion  of  aileron  hinge  moments,  a  change  in 
ancle  of  attack  on  a  wing  will  be  defined  as  positive  if  it  causes  a  positive 
rolling  momeno.  This  may  be  conorary  to  the  sign  convention  used  in  t.he 
longicudinal  case. 

In  a  steady  straight  sideslip,  I  L  =  0  which  implies  that 
Z  h  =0.  Ncta’  if  moments  are  summed  abour  the  aileron  hince  pin, 

H  1  n  c  P  1  r. 

then  a  pilot  nrdst  anpiy  aileron  forces  to  oppose  the  aerc-dynairic  hinge  moment 
in  order  to  keep  the  ailerons  deflected  the  required  amount  to  maintain 
I  L  =0-  This  aileron  force,  F  ,  acts  throuah  a  moment  arm  and 

gearing  mechanism,  both  accounted  for  by  some  constant  K. 

Thus  in  steady  straight  flight 


E  L 


Hinge 


Pin 


F  K  +  H.  =  0 


(7.85) 


7.75 


v^ere  H. 


the  aileron  hinge  moment.  Or 


F  =  -  GH 


(7.86) 


where  G  =  1/K  (definition). 

Recalling  coefficient  format, 

Ch  = 


H 


(1/2  p  V/)  c. 


Thus 


(7.87) 


H.  -  (1/2  P  V/)  S.  c. 


(7.88) 


But  we  have  already  shown  from  Equation  7.23  that 

K 

a  6 

a  a 


(7.89) 


Therefore, 


H 


(1/2,  V/)  S.  c.  rC^  a.C,  51 

L  a  6  ^ 


(7.90) 


Thus  Equation.  7.86  becomes 


=  -G  (1/2  pV/)  S,  c,  a  +  S^j 


(7.91) 


7.76 


Recalling  that  for  a  floating  control  surface 


Therefore 


“a  “  (Float) 

a  '  6 


(7.92) 


=  -  G  (1/2  p  V,^)  S,  c^  C  [S,  -  Sa  (Float)] 

0 

a 


(7.93) 


The  difference  between  v^ere  the  pilot  pushes  the  aileron,  ,  and  the 
amoiint  it  floats,  S 


Float) 


Therefore, 


,  is  the  free  position  of  the  aileron, 
F^  =  -  G  (1/2  p  v/)  c^  q 


(Free) 


(7.94) 


'6  (Free) 

a 


Differentiating  with  respect  to  g 
^  -  G  (1/2  p 


as 


(Free) 


(7.95) 


From  Equation  7.84,  it  can  be  shown  that 


(  Free  ) 


(  Free  ) 


(7.96) 


7.77 


Thus 


{ + )  { + )  (+)(+)  (-)  {  ! 


3F, 

33 


G  {l/'2  p 


C,  “1  { Free ) 

a 

(+) 


=  (+) 
for 

stability 


(7.97: 


This  equation  shows  that  the  paranseter  9F^/33  can  be  taken  as  an 
indication  of  the  aileron  free  static  lateral  stability  of  an  aircrart  since 
all  terms  are  either  constant  or  set  by  design,  except  Cj^.  More  importantly, 

3F./3g  can  be  readily  mteasured  in  flight. 

ij-i  analysis  of  Eq-aation  7.97  reveals  that  for  stable  dihedral  effect,  a 
plot  of  3F^/c5  would  have  a  positive  slope  (Figure  7.49). 

F. 


FIGUF.E  7.49.  AILERON  FOF.CE  F^  VEF.S"JS  SIDESLIP  Ai^GLE 
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7 . 5  ROLLING  PERFORMANCE 


Now  that  we  have  shown  how  aileron  force  and  deflection  can  be  used  as  a 
measure  of  the  stable  dihedral  effect  of  an  aircraft,  it  is  necessary  to 
consider  how  these  parameters  affect  the  rolling  capability  of  the  aircraft. 
For  example,  full  aileron  deflection  may  produce  excellent  rolling 
characteristics  on  certain  aircraft;  however,  because  of  the  large  aileron 
forces  required,  the  pilot  may  not  be  able  to  fully  deflect  the  ailerons,  thus 
making  the  o’.-erall  rolling  performance  unsatisfactory.  Thus,  it  is  necessary 
to  evaluate  the  rolling  performance  of  the  aircraft. 

The  roiling  qualities  of  an  aircraft  can  be  evaluated  by  examining  the 
parameters  F^  ,  6^,  p  and  (pb/2Uj.).  Although  the  importance  of  the  first  thiree 
parameters  is  readily  apparent,  the  parameter  (pb/2Lt  )  needs  some  additional 
explanation. 

Mathematically  pb/2Uy  is  a  nondimensional  parameter  where  p  =  roil  rate 
{ rad/sec);  b  =  wing  span  (ft);  and  =  velocity  (ft/sec). 

Physically  pb/2Uj,  may  be  described  as  the  helix  angle  that  the  wing  tip 
of  a  rcliing  aircraft  describes  (Figure  7.50).  In  addition,  the  pb,./2Uj  that 
car.  be  produced  by  full  lateral  control  deflection  is  a  measure  of  the 
relative  lateral  control  power  available. 
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ANGLE 


FIGUP£  7.50.  WING  TIP  HELIX  -ANGLE 
(UPGOING  WING) 


It  can  be  seen  that 


tan  (Helix  Angle) 


(7.98) 


7.79 


Assuitiing  S!T\all  angles 


Helix  Angle  - 


(7.99: 


This  angle  also  represents  the  change  in  angle  of  attack  of  a  rolling 
wing  (Figure  7.51). 
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FIGURE  7.51.  WIND  FORCES  ACTING  W  A  DCWI'JGOING 
WING  DURING  A  ROLL 


This  ficrjre  shows  that  the  ajigie  or  atuacK  Ci  -.e 
increased  due  to  the  roll  rate.  This  iinplies  increased  lift  opposite  one 
roll  on  the  downgoing  wing  and,  conversely,  decreased  xA^t  ..n 
Tirecrion  cf  roil  on  th.e  upgoing  vi.ng  due  to  decreased  a.  This  is  essentially 
the  sane  effect  as  C:  .  Thus  pb/2U,  represents  a  dairying  ten:-.. 

With  the  foregc^ing  discussion  as  background,  we  are  now  ready  to  ^i^^cuss 
the  effect  of  F^  ,  5^,  ?.  Pb/'2U,  on  roll  perfonnance  through  the  tiicnr 

envelop*  of  an  aircraft. 

From  Elquation  7.94  it  can  be  seen  that 


F 


=  f  K* 


(7.100) 


7.80 


(Free) 


(7.101) 


5 


=  f  (F^,  1/V/) 


To  derive  a  functional  relationship  for  (pb/2U(j),  it  is  necessary  to 
start  with  the  basic  lateral  equations  of  motion. 


=  C,  3  +  C 


2U 


+  C, 


job 

2U 


C 

2U 
r  o 


+  c,  s  +  c. 


(7.102) 


and  examine  the  effect  of  roll  terms  only,  i.e.,  assume  that  the  roll  moment 
developed  is  due  to  the  interaction  of  moments  due  to  5^  and  roll  damping 
only.  Therefore,  Equation  7.102  becomes 


C 


1 


(7.103) 


For  the  maximum  steady  state  roll  rate,  =  0,  and  Equation  7.103  becomes 

+  q  =  0  (7.104) 


(7.105) 


(7.106) 


7.81 


f  (5  ) 


(7.107) 


But  we  have  already  shown  that  =  f  )  therefore, 


f  (F^,  1/V^^) 


(7.108) 


From  equation  7.106 

P  =  f  (Uo' 

and  since 

5a  =  f  (fa'  1/%') 

then 

p  =  f  (F^,  1/V^) 


(7.109) 


(7.110) 
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assuming 


(i.e.,  no  sideslip) 


To  summarize,  the  rolling  performance  of  an  aircraft  can  be  evaluated  by 
examining  the  parameters,  ,  6^,  p,  and  (pb/2Ug).  E\inctional  relationships 
have  been  developed  in  order  to  loolc  at  the  variance  of  these  parameters  below 
Mach  or  aeroelastic  effect.  These  functional  relationships  are 


F 

a 

(7.111) 

5  = 

a 

(7.112) 

II 

f  (SJ  =  f  (F^,  1/V^^) 

(7.113) 

p  = 

f  (V^,  SJ  =  f  (F^,  1/V^) 

(7.114) 

These  relationships  are  expressed  graphically  in  Figure  7.52 
vrfiich  the  pilot  desires  the  maximum  roll  rate  at  all  airspeeds. 

for  a  case 
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FIGUHE  7.52.  ROLLIl'JG  PEEFORMAJ'ICE 
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l-.r-c--  =•/  -_-.e  diet  to  hold  full  aileron  deflection  will  increase  in  ch^s 

-  .  -h-r-ei-  rpadPS  V  or  u.ntil  the  pilot  is  -anabie  to  appiv 
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..  =-..ed  is  irxreased  further,  the  aileron  force  will  renain  at  thi.  .5  r'-  - 

„irr«  value.  Th.e  curve  of  aileron  deflection  versus  airspeed  sh.=r^  th.at  cne 
t^or  is  able  to  maintain  full  aileron  deflection  cut  to  .^o... 

.'srection  of  Equation  7.112  shows  that  if  aileron  force  is  constant  teyc.n= 

OO  knots,  then  aileron  deflection  will  be  proportional  to  (lA^  )._  fon 

113  shows  that  (pb/2U. )  will  vary  in  the  same  manner  as  aileron  -^-^ticn. 
nsoection  of  Equation  7,114  shows  that  the  maximum,  roll  rate  available  w  . 
nc’rease  linearly  as  Ion,  as  the  pilot  c,r  maiotein  maximum  ailer.n 


deflection,  up  to  300  knots  in  this  case.  Beyond  this  point,  the  maximum  roll 
rate  will  fall  off  hyperbolically.  That  is,  above  300  knots,  p  is 
proportional  to  l/V^ .  It  follows,  then,  that  at  high  speeds  the  maximum  roll 
rate  may  become  unacceptably  low.  One  method  of  combating  this  problem  is  to 
increase  the  pilot's  mechanical  advantage  by  adding  boosted  or  fully  powered 
ailerons. 

By  boosting  the  controls,  the  pilot  can  maintain  full  aileron  deflection 
with  less  physical  effort  on  his  part.  Thus,  =  25  pounds  will  be  delayed 
to  a  higher  airspeed.  The  net  effect  is  a  shift  of  the  ,  5^  and  ph/2U^ 
curves  and  a  resulting  increase  in  p  (reference  Figure  7.52  dashed  lines ) . 

Many  modern  aircraft  have  irreversible  flight  control  systems.  These 
systems  allow  an  aircraft  to  be  designed  for  a  specific  aileron  force  at  full 
deflection,  regardless  of  the  airspeed.  This  allows  the  pilot  to  hold  full 
deflection  at  high  speeds,  resulting  in  a  constant  helix  angle  and  increasing 
roll  rate  at  higher  airspeeds.  This  change  in  performance  is  still  limited  by 
Mach  effects  and  aeroelasticity. 

7.6  LATERAL-DIRECTIONAL  STATIC  STABILITY  FLIGHT  TESTS 


The  lateral-directional  characteristics  of  an  aircraft  are  determined  by 
two  different  flight  tests:  the  steady  straight  sideslip  test  and  the  aileron 
roll  test.  The  tests  do  not  measure  lateral  and  directional  characteristics 
independently.  Rather,  each  test  yields  information  concerning  both  the 
lateral  and  the  directional  characteristics  of  the  aircraft.  The  requirements 
of  the  MIL-STD-1797Awill  be  discussed. 

7.6.1  Steady  Straight  Sideslip  Flight  Test 

The  steady  straight  sideslip  is  a  common  maneuver  which  requires  the 
pilot  to  balance  the  forces  and  moments  generated  on  the  airplane  by  a 
sideslip  with  appropriate  lateral  and  directional  control  inputs  and  bank 
angle.  Since  these  control  forces  and  positions  and  bank  angles  are  at  least 
indicative  of  the  sign  (if  not  the  magnitude)  of  the  generated  forces  and 
moments  (and  therefore  of  the  associated  stability  derivatives),  the  steady 
straight  sideslip  is  a  convenient  flight  test  technique. 
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All  equations  relating  to  the  static  directional  stability  of  an  aircraft 
were  developed  under  the  assunption  that  the  aircraft  was  in  a  "stea  y 
straight  sideslip."  Oils  is  the  aaneuver  used  in  the  sideslip  test.  Fust, 
trim  'the  aircraft  at  t.he  desired  altitude  and  airspeed.  Apply  ruaoer  to 
develop  a  sideslip.  In  order  to  maintain  "straight"  flight  (constant  ground 
track),  bank  the  aircraft  in  the  direction  opposite  that  of  the  applied 
rudder.!  m  Figure  7.53  the  aircraft  is  in  a  steady  sideslip.  The  moment 
created,  by  the  rudder,  N,  ,  must  equal  the  moment  created  by  t,  e 


FIGURE  7.53.  STEADY  SIDESLIP 


7.86 


aerodynamic  forces  acting  on  the  aircraft,  .  In  this  condition  the  side 

forces  are  unbalanced.  F  ,  will  always  be  greater  than  F.  .  Thus,  in  the 

e  ' .  '  4 

r  / 

case  depicted,  t.he  aircraft  will  accelerate,  or  turn,  to  the  right.  In 
order  to  stop  this  turn,  it  is  necessary  to  bank  the  aircraft,  in  this  case 
to  the  left  (Figure  7.54).  The  banlc  allows  a  component  of  aircraft  weight,  W  sin  <?, 
to  act  in  the  y  direction  and  balance  the  previously  unbalanced  side 
forces.  Thus,  the  pilot  establishes  a  "straight  sideslip."  By  holding  this 
condition  constant  with  respect  to  time  or  varying  it  so  slowly  in  a  contin¬ 
uously  stabilised  condition  that  rate  effects  are  negligible,  he  establis.hes  a 
"straight  sideslip"  -  the  condition  that  was  used  to  derive  the  flight  test 
relationships  in  static  directional  stability  theory. 


pedal  force,  or  maximum  aileron  deflection,  whichever  occurs  first.  Often  side 
slips  must  be  discontinued  prior  to  reaching  these  limits  due  to 
controllability  or  structural  problems. 


The  following  KIL-STD-179TA paragraphs  apply  to  sideslip  tests: 

4. 2. 8. 6. 4,  4.5.5,  4. 5. 8. 2,  4. 5. 8. 5,  4. 5. 9. 5. 2,  4. 5. 9. 5. 4,  4. 6. 1.2.,  4.6.6, 

4.6.7,  4. 6. 7. 6,  4. 5.9.4  and  4.6.7.11.  In  addition,  paragraphs  4. 6. 7. 2  and 
4. 5. 9. 5  apply. to  steady  turns.  - 
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One  property  of  basic  importance  in  the  sideslip  test  is  the  directional 
stiffness  of  an  aircraft  or  its  static  directional  stability.  To  review,  the 
static  directional  stability  of  an  aircraft  is  defined  by  the  initial  tendency 
of  the  aircraft  to  return  to  or  depart  from  its  equilibrium  angle  or  sideslip 
when  disturbed  from  the  equilibrium  condition.  In  order  to  determine  if  the 
aircraft  possesses  static  directional  stability,  it  is  necessary  to  determine 
haw  the  yawing  moments  change  as  the  sideslip  angle  is  c.hanged.  For  positive 
directional  stability,  a  plot  of  must  have  a  positive  slope  (Figure  7.55). 


7.55.  WI!Tr>  r3SUL-75  OF  Y.-XIMG  MOr-EZ-TT 

CCEFFICIE:-n  \7ERSU5  SIDESLIP  AI-jGLE 

Plots  like  those  presented  in  Figure  7.5o  are  obtained  from  wind  tunnei 
data.  T.he  aircraft  model  is  placed  at  various  angles  of  sideslip  with  various 
ancles  of  rudder  deflection,  and  the  urdoalanced  moments  are  measured.  However 
it  is  impossible  to  determine  from  flight  tests  the  unbalanced  moments  at 
varying  angles  of  sideslip.  It  was  shown  in  static  directional  t-heory, 
however,  that  the  rudder  deflection  required  to  fly  in  a  steady  straight 
sideslip  is  an  indication  of  the  amount  of  yawing  moment  tending  to  return  the 
aircraft  to  or  remove  it  from  its  original  trimmed  angle  of  sideslip.  A  plot 
is  made  of  rudder  deflection  required  versus  sideslip  angle  in  order  to 
^gtermine  the  sign  of  the  rudder  fixed  static  directional  stability,  . 
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The  control  fixed  stability  parameter,  36^38,  for  a  directionally  stable 
aircraft  has  a  negative  slope  as  shov.n  in  Figure  7.56.  Paragraph  4. 6. 1.2, 
recommended  guidance  requires  that  right  rudder  pedal  deflection  (+5. ) 
accomsar.v  left  sideslips  (-8;.  F^crther,  for  angles  of  sideslip  between 
tl5%  a  plot  of  35^/38  should  be  essentially  linear.  For  larger  sideslip 
angles,  an  increase  in  8  niust  require  an  increase  in  6^.  In  other  words,  the 
slope  of  36, /38  cannot  go  to  zero. 

Drastic  changes  occur  in  the  transonic  and  supersonic  speed  regions.  in 
the  transonic  region  where  the  flight  controls  are  most  effective,  a. small  6^ 
may  give  a  large  8  and  thus  36. /36  may  appear  less  stable.  However,  as 
speed  increases,  control  surface  effectiveness  decreases,  and  56. /S8  will 
increase  in  slooe.  This  aoparent  change  in  C..  is  due  solely  to  a  change  in 

ccntrcl  surface  effectiveness  and  can  give  an  entirely  erroneous  indication  of 
the  magnitude  of  the  static  directional  stability  if  net  taken  into 


see 


SIDESLIP  ANGLE. 


FIGURE  7.56.  RUDDER.  DEFLECTION  6^  VERSUS  SIDESLIP 
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A  plot  of  rudder  force  required  versus  sideslip,  9F^/3g,  is  an  indication 
of  the  rjdder-free  static  directional  stability  of  an  aircraft.  A  plot  of 
3F  /5S  must  have  a  necative  slope  for  positive  rudder-free  static  directional 
s^-abi'-ity.  Faracraoh  4. 6. 1.2  recormer.ds  that  a  plot  of  oF^/3fi  be  essentiai-v 
linear  between  +10®  of  e  frcn  the  trim  co.nditicn.  ki  greater  angles -of  sideslip 
an  increase  in  rudder  force  is  required  for  an  increase  in  sideslip. 

These  requirements  are  depicted  in  Figure  7.57. 


j^UDDER  FORCE,  F, 

F,(+) 


FIGURE  7.57,  COITIROL  FREE  SIDESLIP  BATA 


The  control  force  information  in  Figure 
algebraic  sign  of  F,/5  negative. 


7.57  is  acceptable  as  long  as  the 


Static  lateral  characteristics  are  also  investigated  during  the  sidesixp 
test.  It  was  shown  in  the  theory  of  static  lateral  stability  that  95^/30  may 
be  taken  as  an  indication  of  the  control-fixed  dihedral  effect  of  an  aircrai.t, 
C  .  For  stable  dihedral  effect,  it  was  shown  that  a  plot  of  95^/93 

P  t  r  i  X  e  d  ) 
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must  have  a  positive  slope.  Right  aileron  control  deflection  shall 
accompany  right  sideslips  and  left  aileron  control  shall  accompany  left 
sideslips.  A  plot  of  96^/3S  for  stable  dihedral  effect  is  presented  in  Figure 
7.58. 


AILERON  DEFLECTION, 


o.(+) 


.  z-o . 


Recommended  guidance  from  paragraphs  4.5.S.2  and  4. 5. 9. 5. 4  limits  the 


cirr.DUTjti  or 


-table  dihedral  effect  an  aircraft  will  e>bibit 


Dv  specirying  mat 

no  mere  than  75^o  of  roll  control  power  available  to  the  pilot,  and  nc  more 
than  10  los  cf  rcl-L  stick  force  or  20  los  of  roll  wheel  force  are  recniired  for 
sideslip  ancles  which  may  be  experienced  in  service  enclcyment. 

Theoretical  discjssion  cf  control  free  dihedral  effect  revealed  that 
aF^/3S  gives  an  indication  of  C,  ,  and  that  for  stable  dihedral 

p  I  F  r  e  e  ) 


effect  is  positive  (Figure  7.59).  Paragraph  4.5.5  recommends 

that  left  aileron  force  should  be  required  for  left  sideslips  and  that  a  plot 
of  3F^/88  should  be  essentially  linear  for  all  cf  the  ina.ndatory  sideslips 
tested. 
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AtLERON  FORCE, 


F.(^) 


NOTE: 
Friction 
breakout 
removed . 


o' 


and 


FIGURE  7.59.  COITTRCL  FREE  SIDESLIP  DATA 


Paragraph  4.5.5  does  permit  an  aircraft  to  exhibit  negative  dihedral 
effect  in  wave-off  conditions  as  long  as  no  more  than  50%  of  available  roil 
control  or  10  lbs  of  aileron  control  force  is  required  in  the  negr.tive 
dihedral  direction. 

Paragraph  4.5.5  also  states  th?t  "an  increase  or  no  change  in  right  bank 

angle  shall  accompany,  an  increase  in  right  sideslip . ” 

A  longitudinal .  trim  change  will  most  likely  occur  when  the  aircraft  is 
sideslicoed.  Paragraph  4. 2. 8. 6. 4  recommends  limits  on  the  ailCTwabie  magnitude 
of  this  trim  chance.  It  is  preferred  that  an  increasing  pull  of  force 
accompany  an  increase  in  sideslip  angle  and  that  the  magnitude  and  cirection 
of  the  trim  change  should  be  similar  for  both  left  and  right  sideslips.  The 


specification  also  limits  the  magnitude  of  the  control  force  acconcanying  the 
longitudinal  trim,  change  depending  on  the  type  of  controller  in  the  aircraft 
(stick  or  wheel).  A  plot  of  elevator  force  versus  sideslip  angle  that 
conplies  with  .mL-STD-1797Ais  presented  in  Figure  7.60. 
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Alt-ERON  FORCE  F, 
ELEVATOR  FORCE  F, 


FIGURE  7.61.  STEADY  STRAIGHT  SIDESLIP  CHARACTERISTICS 
CONTROL  FORCES  VERSUS  SIDESLIP 


AILERON  DEFLECTION  6, 
ELEVATOR  DEFLECTION  6. 
RUDDER  DEFLECTION  6  r 


7.6.2  Aileron  Roll  Flight  Test 

iTie  aileron  roll  flight  test  technique  is  used  to  determine  the  rolling 
performance  of  an  aircraft  and  the  yawing  monvents  generated  by  rolling.  Roll 
coupling  is  anocher  important  aircraft  characteristic  normally  investigci.eG^bv 
using  the  aileron  roll  flight  test  technique.  The  roll  coupling  aspect  of  the 
ai^eror“-on  test  will  not  be  investigated  at  the  USAF  Test  Pilot  School. 

the-  theoretical  aspects  of  roll  coupling  will  be  covered  in 

•Chapter  S. 

TO  accomplish  the  aileron  roll  flight  test,  trim  the  aircraft  ac  t-.e 
desired  altitude  and  airspeed.  T.hen,  abruptly  place  the  lateral  control  to  a 
partic’ular  concrol  deflection  (1/4,  i/^,  3/4,  or  full)  with  a  step  ir.pur. 
NonJially,  t.he  desired  control  deflection  is  obtained  by  using  some  mechanical 
restrictor  such  as  a  chain  stop.  With  the  lateral  control  at  the  desired 
deflection,  roll  the  aircraft  through  a  specified  increment  of  bank.^^For 
control  deflections  less  than  a  maximum,  the  aircraft  is  normally  rolled 
through  SO"  of  bank.  Because  of  the  higher  roll  rates  obtained  at  full 
control  deflection,  it  is  usually  desirable  to  roll  the  aircraft  thraugn^360« 
of  bank.  To  facilitate  aircraft  control  vrtien  rolling  through  a  bank  angj.e 
change  of  90“ ,  start  the  roll  from  a  45'  bank  angle.  During  the  roll,  an 
automatic  data  recording  system  may  be  used  to  record  the  following 
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information:  aileron  position,  aileron  force,  bank  angle,  sideslip  and  roll 
rate.  Aileron  rolls  are  normally  conducted  in  both  directions  to  account  for 
roll  variations  due  to  engine  gyroscopic  effects.  Aileron  rolls  are  performed 
with  rudders  free,  with  rudders  fixed,  and  are  coordinated  with  g  =  0 

throughout  roll . 

Exercise  caution  in  testing  a  fighter  type  airplane  in  rolling  maneuvers. 
The  stability  of  the  airplane  in  pitch  and  yaw  is  lower  \diile  rolling.  The 
incremental  angles  of  attack  and  sideslip  that  are  attained  in  rolling  can 
produce  accelerations  which  are  disturbing  to  the  pilot  and  can  also  cause 
critical  structural  loading.  The  stability  of  an  airplane  in  a  rolling 
maneuver  is  a  function  of  Mach,  roll  rate,  dynamic  pressure,  angle  of  attack, 
configuration,  and  control  deflections  during  the  maneuver. 

The  most  important  design  requirement  imposed  upon  ailerons  or  other 
lateral  control  devices  is  the  ability  to  provide  sufficient  rolling  moments 
at  low  speeds  to  counteract  the  effects  of  vertical  asymmetric  gusts  tending 
to  roll  the  airplane.  This  means,  in  effect,  that  the  ailerons  must  provide  a 
minimum  specified  roll  rate  and  a  rolling  acceleration  such  that  the  required 
rate  of  roll  can  be  obtained  within  a  specified  time,  even  under  loading 
conditions  that  result  in  the  maximum  rolling  moment  of  inertia  (e.g.,  full 
tip  tanks).  The  steady  roll  rate  and  the  minimum  time  required  to  reach  a 
particular  change  in  bank  angle  are  the  two  parameters  presently  used  to 
indicate  rolling  capability.  Pilot  opinion  surveys  reveal  that  time  to  roll  a 
specified  number  of  degrees  provides  the  best  overall  measure  of  rolling 
performance. 

The  following  is  a  complete  list  of  MIL-STD-1797A  paragraphs  that  apply 
to  aileron  roll  tests:  4. 5. 1.1,  4. 5.1. A,  4.5.3,  4. 5. 8.1,  4. 5. 9.1,  4. 5. 9. 2, 
4.6.2,  4. 6. 7.1,  4.5.3,  4. 5.9.3  and  4. 5. 9. 5.1. 

The  minimum  rolling  performance  recommended  for  an  aircraft  is  outlined 
in  MIL- STD-1 79 7A,  paragraph  4. 5. 8.1.  This  rolling  performance  is  expressed  as 
a  function  of  time  to  reach  a  specified  bank  angle,  with  tables  of  specified 
values  for  different  aircraft  Classes  and  Flight  Phases.  Paragraph  4. 5. 9. 2 
specifies  the  maximum  and  minimum  aileron  control  forces  allowed  in  meeting 
the  roll  requirements. 
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Paragraph  4. 6. 7.1  specifies  the  maximum  rudder  force  permitted  for 
coordinating  the  required  rolls. 

In  addition  to  examining  time  required  to  bank  a  specified  number  of 
degrees  and  aileron  forces,  ,  it  is  necessary  to  examine  the  maximum  roll 
rate,  p^.^^  to  get  a  complete  picture  of  the  aircraft's  rolling  performance. 
Therefore,  in  any  investigation  of  aircraft  rolling  performance,  the  maximum 
roll  rate  obtained  at  maximum  lateral  control  displacement  is  normally  plotted 
versus  airspeed. 

Paragraph  4.5.3  states  that  there  should  be  no  objectionable 
nonlinearities  in  the  variation  of  rolling  response  with  roll  control 
deflection  or  force.  Sensitivity  or  sluggishness  in  response  to  small  co.ntrol 
deflections  or  force  shall  be  avoided.  To  investigate  this  area,  it  is 
necessary  to  observe  the  roll  response  to  aileron  deflections  less  than 
maximum-such  as  1/4  and  l,/2  aileron  deflections  (Figure  7.63). 


FIGURE  7.63.  LINEA.FITY  OF  ROLL  RESPONSE 

Turn  coordination  requirements  are  spelled  out  in  Paragraph  4. 5. 9. 5.1  and 
4. 6. 7. 2  for  steady  turning  maneuvers. 

The  other  area  of  prime  interest  in  the  aileron  roll  flight  test  is  the 
amount  of  sideslip  that  is  developed  in  a  roll  and  the  phasing  of  this 
sideslip  with  respect  to  the  roll  rate.  Associated  with  this  characteristic 
is  the  roll  rate  oscillation.  Itiese  factors  influence  the  pilot's  ability  to 
accomplish  precise  tracking  tasks. 
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7.6.3  Demonstration  Flight 

To  unify  all  that  has  been  said  concerning  the  sideslip  and  aileron  roll 
flight  test  techniques,  a  conplete  description  of  a  demonstration  mission  is 
presented  in  the  Flying  Qualities  Phase  Planning  Guide. 


7.97 


PROBLEMS 


7.1.  Answer  the  following  questions  True  (T)  or  False  (F). 


T  F  The  primary  source  of  directional  instability  is  the  aircraft 
fuselage . 

T  F  Ailerons  usually  produce  proverse  yaw. 

T  F  The  tail  contribution  to  is  the  dominant  damping 

factor. 

T  F  In  a  steady  straight  sideslip  p  =  0. 


7.2.  The  aircraft  shown  in  the  following  diagram  is  undergoing  a  design  study 
to  improve  static  directional  stability.  The  Contractor  has  recommended 
the  cddition  of  surfaces  A,  B,  C,  D,  and  E.  However,  the  System  Program 
Office  (SPO)  isn't  too  impressed  and  wants  the  following  questions 
answered  by  the  Flight  Test  Center.  With  the  wings  in  position  1  or  2 
determine  if  the  following  contributions  to  C^^  are  stabilizing  (+)  or 

destabilizing  (-): 

POSITION  1  POSITION  2 


a.  Vertical  Tail 

b. "^  Area  E  (Ventral) 

c .  Canopy  Area 

d.  Area  B  (Dorsal) 

e .  Area  A 

f.  Area  C 
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7.9.  What  effect  will  increasing  AR  have  on  Why? 

P 

7.10.  What  is  the  sign  of  a  left  rudder  deflection  for  a  tail  to  the  rear 
aircraft?  For  a  right  rudder  deflection?  Why? 

7.11.  What  would  the  sign  of  x  be  for  a  tail  to  the  rear  aircraft?  Why? 

7.12.  For  a  tail  to  the  rear  aircraft,  draw  an  airfoil  showing  the  pressure 

distribution  caused  by  +  .  What  is  the  sign  of  ? 

What  is  the  sign  of  •  Why?  Sketch  a  plot  of  versus  . 

7.13.  For  a  tail  to  rear  aircraft,  draw  an  airfoil  showing  the  pressure 
distribution  caused  by  .  What  is  the  sign  of  ? 


What  is  the  sign  of  aCj^/85^?  Why?  Sketch  a  plot  of  versus  . 


7.14.  Knowing 


FLOAT 


L  p  j,  J 


otj,  for  a  tail  to  the  rear  aircraft. 


determine  which  direction  the  rudder  will  float  for  -  o^. . 


7.15.  Knowing  C  .  .  ||] 

(FREE)  ^  ^ 


1  -  T 


I. 

how  does  float  effect  C  for  a  tail  to  the  rear  aircraft?  Tail  to 

n 


front? 


HINT;  You  should  be  able  to  answer  Questions  7.10  -  7.14  for  a  tail  to 
front  aircraft. 
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7.16.  Go-Fast  Inc.  of  Mojave  has  completed  a  preliminary  design  on  a  new  Mach 
3.0  fighter.  The  chief  design  engineer  is  concerned  that  the  aircraft 
may  not  have  sufficient  directional  stability.  List  three  design 
changes/additions  which  would  help  ensure  directional  stabilitv. 


You  are  flying  an  F-15  Eagle  on  a  sideslip  data  mission.  You  establish 
a  steady  straight  sideslip  and  record  *5®  of  6.  You  record  the 
fcllcwina  data  on  your  D.-.S:  o  =  -  6.2'^°.  S  =-^8  0® 

F  =  +  6.3  lbs,  F,  =  +  3.7  lbs,  F.  =  -  12.3  lbs. 


You  had  hoped  to  make  a  plot  of  36^/36,  but  in  true  TPS  fashion  the 
rudder  gage  failed  to  work.  The  following  is  wind  tunnel  data  for  the 
F-i5: 

All  Cata  dimensions  (deg 

=  +  0.006  =  -  0.460  =  +  0.003 


=  +  0.001  ^  0.002  C  =  -  0.0006 

%  "e 

a.  Determine  the  value  cf  at  your  test  point. 

b.  Assuming  that  at  jS  =  0  both  5^  and  F_.  are  =  0,  does  the 

aircraft  exhibit  static  directional  stability  rudder  Fixed  and  rudder 
Free?  Sketch  plots  of  5^  vs  g  and  vs  g. 
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c.  Vertical  Tail 

d.  Area  B  (Ventral) 

e.  Area  A 

f .  Canopy 

7.19.  What  is  the  effect  on  of  sweeping  the  wings  to  Position  (2)? 

e  . 

wing 

7.20.  What  is  the  sign  of  for  the  following? 

r 

a.  Vertical  Tail 

b.  Area  B 

c.  Area  A 

d.  Canopy 

7.21.  What  is  the  sign  of  C^  ? 

r 

7.22.  What  is  the  sign  of  C^  for  the  following? 

p 

a.  Vertical  Tail 

b.  Area  B 

c.  Area  A 

d .  Canopy 

7.23.  For  this  swing  wing  fighter 


7.103 


u 


> 


-0.0020  (deg"b 
+0.0006 
-0.0046 
+0.0018 
-0.0005 

+0.0010  V 


You  run  a  steady  straight  sideslip  test  and  measure  P  =  +5°  and 
5  =  -  10®.  What  was  your  aileron  deflection?  Does  the  aircraft 
exhibit  stick-fixed  static  lateral  stability? 


7.24.  For  an  aircraft 
that  cause  and 


in  a  right  roll,  show  the  pressure  distributions 
on  the  right  wing.  Determine  the  sign  of  both. 


7.25.  Assuming  an  unboosted  reversible  flight  control  system,  sketch  a 
curve  of  pt>/2Ug ,  p)  versus  velocity  and  explain  the  shape  of 
each  for  a  maximum  rate  roll.  Show  the  effect  of  boosting  the  system. 


7.26.  Answer. each  of  the  following  questions  True  (T)  or  False  (F). 

T  F  High  wings  make  a  negative  contribution  to  . 

e 

T  F  Taper  ratio  only  affects  the  magnitude  of  Cj .  but  does  not 
provide  any  asyininetric  lift  distribution. 
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is  increased  if  the  fin  area  (S^)  is  decreased. 


T  F 

T  F 


and  Cj^  are  cross  derivatives. 

r  6 

r 

Cj^  is  a  significant  factor  in  determining  aircraft  lateral 

p 

stability. 
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